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'lle1-rich grains discussed, two were hydrocarbon fuiels and two wer, boron fuels. Paper 21 discussed dircct connect
combustion lests or a solid ruel rumJot consisting or a rearward facing step us its flumeholding device, an ignitor, a
combustion chamber containing the hydrocarbon solid fuel grain, and an afterburner for enhancement and completion
of the combustion. Regrvsion rates and combustion erficiency results were obtained over a range of flight conditions
for several hydrocarbon ruels, Including polyethylene, and ror dirferent port geometries. Paper 22 described the results
or water tunnel tests and two-dimensional windowed combustor tests with two opposing 450 side air inlets. These wcrc
used to provide qualitative Insight into the effects of important combustor parameters on the overall performance or
boron propellant gas generator ramjets (dueled rockets). It was found that the highest combustion efficlencies were
achieved at the lowest ruel injection momentum and at the lowest air injection momentum. Reasons were postulated for
these results. Paper 23 provided a comprehensive review of the boron combustor investigations conducted a. MBB for
ducted rockets. These Included boron reactions during the primary combustion (burning of the ruel-rich propellant
grin), as well as the behavior of boron during ram-combustion. Also discussed were special experimental techniques
applied during these investigations. Paper 24 described the development and characterization or a class of hydrocarbon
propellants ror ducted rockets. A third generation ruel bearing the reference number 1603 was shown to have a relatively
high heating value (8020 cal/g). excellent mechanical properties and a low exhaust signature. Paper 25 discussed the
development of ruel-rich cast double propellants for ramrocket applications. Paper 26 was not a combustion paper, but
rather discussed the use of high energy fuels, particularly hydrogen, in advanced mixed cycle airbreathing configurations
for military applications.

Paper 27 described a research effort involving the coupled effects of decomposition and evaporation of a typical
liquid fuel spray. Results indicated that liajid phase droplet decomposition at higher pressures may cause a significant
reduction of combustion efficiency in advanced alrbreathing propulsion systems. Paper 28 discussed the use or swirl in
ramjet combustors and showed that a properly designed contoured swirler can achieve higher combustion efficiencies,
along with significantly lower pressure losses, than a typical frameholder configuration. These same swirlers have also
been applied with success to the solid fuel ramjet. Paper 29 presented a detailed discussion of a modular model for the
analysis of sudden-expansion ramjet combustors. This model is based on a concept in which the recirculation zone,
treated as a stirred reactor, is coupled to a parabolic boundary layer formulation for the flow outside the recirculation
zone. Hydrocarbon oxidation kinetics and turbulent kinetic energy turbulence models are included. Paper 30 described
the theoretical approach for the calculation of axisymmetric and three-dimensional ducted flows suitable for ducted
rockets. A numerical computer code employing finite difference forms was developed from existing free-flow
computation techniques to calculate axisymmetric, non-recirculatory ducted flows. Future work would develop a
computer code to calculate three-dimensional ducted flows with due allowance for flow asymmetry and recirculation.
Paper 31 described a simple three-step model, empirically derived from a premixed propane-air baffle-stabilized ceramic
lined combustor, which can predict composition and temperature profiles in ramjet like combustors including the effects
of vitiated preheat and heat loss.

Session VI

The two papers which were presented in this session dealt with details associated with the transition process from
integral rocket boost to ramjet combustor operation. Paper 32 gave a historical accounting of the development of an
Integral Rocket-Ramjet booster for a propulsion technology flight demonstration program. Paper 33 discussed multiple-
inlet and transition development for another integral rocket-ramjet program.

Round Table Discussion

Following S-.siion VI, a round table discussion chaired by B.Crispin (Germany) was held. Other members of this
panel were E.L.Goldsmith (UK), R.Marguet (France), F.D.Stull (US) and A.N.Thomas, Jr (US). The primary issues
addressed during this round table discussion were (1) the state-of-the-art of ramjet technology and (2) reasons for the
retardation in making the new generation of ramjets operational in military projects.

4. CONCLUSIONS AND RECOMMENDATIONS

The large participation (over 60 authors and 75 observers for "Ramjets and Ramrockets for Military Applications")
shows the importance and timely nature of the subject chosen by the AGARD Propulsion and Energetics Panel for its
58th Symposium. Comprehensive surveys presented on modern ramjet and ramrocket propulsion technology have shown
that neither the lack of technical progress nor the lack of attractive missions are the reasons for the hesitation in applying
new generation ramjets to operational military projects. Rather it was sugggested, that ramets need to improve their
"image" with military planners and missile designers.

Afuture A GARD meeting might be held, perhaps In conjunction with another panel, to address the overall missile
systems aspect and cost effectiveness of using ramjet technology. Propulsion related technology areas to be discussed
should Include:

- Missile guidance and control and Its effect on Inlets and propulsion performance: skid-to-turn vs. bank-to-turn
- Propulsion system observables: I.e., IR, RADAR signature and visible smoke



- Miss ice effectiveness
- Lire cycle costs
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LOW-COST COMBUSTOR FOR A SUPERSONIC TACTICAL MISSILE '7

T. D. Myers and A. P. Peters
Chemical Systems Division/United Technologies Corporation

P.O. Box 358
Sunnyvale, California 94086 U.S.A.

INTRODUCTION

In April 1979, a low-cost liquid fuel 'integral rocket ramjet (LFRJ/IRR) was success-
fully flown at the Navy Pacific Missile Range at Point Mugu, California. The low-cost
LFRJ/IRR propulsion system was a derivative of the earlier flight-demonstrated advanced
low volume ramjet (ALVRJ). The ALVRJ baseline propulsion system seen in Figure I had
performed perfectly in a series of five flight tests in which typical missile boost,
sustain, and flight maneuvers were commanded. A summary of the ALVRJ flight test results
is seen in Figure 2. These five flight tests were made over a two-year period, starting
with the first flight in November 1974. The propulsion system ground test development
program began in 1968 and continued for the next six years up until 1974.

After the key technical aspects of the LFRJ/IRR propulsion system had been demon-
strated, studies were conducted to identify the best mission application for the ALVRJ pro-
pulsion system. One of the most promising mission applications for the ALVRJ was for the
Supersonic Tactical Missile (STN) shown in Figure 3. When compared to an equivalent
weight- and volume-constrained rocket motor, the ALVRJ propulsion system could provide
over twice the ranoa !*.h a higher terminal velocity. Moreover, when compared to a compa-
rable weight- and volume-constrained turbine engine, the ALVRJ could provide higher veloc-
ity and a multiple shot capability, increasing the mission hit probability.

Cost studies revealed, however, that the ALVRJ unit cost production was approximately
five times higher than, desired for the STH. Therefore a design study was conducted to
determine where production cost savings could be made for the ALVRJ propulsion system
without a significant sacrifice In performance. The cost reduction design study was con-
ducted by the Vought Missile Systems Division and was supported by both Chemical Systems
Division (CSD) and the Naval Weapons Center (NWC). Vought was responsible for designing
the vehicle and integrating the propulsion system components; CSD was responsible for
developing the low-cost ramburner technology; and NYC was responsible for fabricating the
integral booster motor and providing inlet and combustor test facilities. The specific
cost goal was to reduce the cost of the experimental configuration from $200,000 by a fac-
tor of 4 to S with no performance penalty.

The approach for developing the low-cost ALVRJ propulsion system for the STM and
other tactical mission applications is summarized as follows. First, a series of propul-
sion system performance/cost vehicle systems trades were conducted. Key propulsion sys-
tem requirements that most strongly influenced cost were: (1) fuel flow rate accuracy,
(2) inlet pressure recovery, and (3) required combustor operational life. From these trade
studies specific low-cost ramjet component designs were selected including: (1) inlet,
(2) fuel controller, (3) rocket booster motor nozzle release mechanism, and (4) combustor/
thermal protection system (TPS). The low-cost combustor/TPS developwent effort is the pri-
mary subject of this paper. The low-cost inlet technology developed by Vought and the
low-cost fuel controller developed jointly by Vought and NWC are subjects for separate
papers. Although the basic low-cost combustor development- was primarily an In-house
research and development effort by CSD/Vought, some of the key component ground tests and
the flight test were conducted by NWC.

SUPERSONIC TACTICAL MISSILE (STM) LOW-COST RAMJET COMBUSTOR DEVELOPM4ENT

The ALVRJ ramjet combustor case was rolled and welded from Inconel 718. The inlet
entry ports and nozzle shell actuator mounts were machined from forgings. Thermal
protection was provided by a refractory zirconia layer and local hot spots protected
either by regenerative fuel cooling or air cooling. The high cost of Inconel 718 combined
with the extensive machining required for the local fuel and air cooling resulted in
a very expensive design. In addition, the fuel/air ratio was required to be held very
lean to avoid comust ion temperatures in excess of 1,9220 K, which limited ':he maximum
thrust capability of the engine.

The ALVRJ TPS design was selected in 1968 and reflected the best state-of-the-art
technology available at that time. By 1977, however, separate industry development pro-
grams had produced a new ablative thermal protection system that proved to be a very
effective insulator for ramjet combustors. This carbon-filled elastomer material,
designated as DC 93-104, has excellent low thermal conductivity and is also resis-
tant to the oxidizer-rich ramjet combustor gases. By using DC 9S-104, CSD could select
the less costly case material, 17-4 ph, and also eliminate the expensive machinery opera-
tions associated with local fuel and air cooling. DC 93-104 has lower fabrication
costs than the zirconia liner. In addition, the combustion temperature limit needed for
the zirconia-protected ALVRJ combustor case could be removed with DC 93-104 and the full
thrust potential of the engine could be realized.

An illustration of the low-cost combustor is shown in Figure 4. Together with the
primary cost reductions associated with the use of 17-4 ph steel and DC 93-104, several
supplementary cost savings were realized by using castings in place of forgings for the



inlet entry sections. The tensile strength of the castings was increased by hot iso-5- static pressing (HIP) to-a level normally attained' only-by using a more expensive lorging,
, These key cost reduction design features, which permitted the 4-5:1 produ:tion unit cost

projection, are summarized in Figure S.'

LOW-COST CbMBUSIOR DESIGN AND FABRICATION

The low-cost combustor assembly is shown in Figure 6. T1 ombustor assembly con-
sists of two major subassemblies, the forward combustor case a, 'he nozzle, which are mar-
ried in the final assembly by a circumferential SB weld.

Critical airframe interfaces are machined after iinal assembiy by Weans of Vought-
supplied locators and templates. Machining interficing surfaces -after assembly ensures
accurcte--alignment of the booster motor nozzle. The forward end of the combustor is a
dome formedto a shape approximating a 2:1 ellipsoidal dished sectioO with an 0.24/0.22-cm
wall thickness. A-boss, butt-welded to the center of the dome, so-'es multiple func--
tions: it acts as a centering hole for the TPS casting mandrel, a casting port for the DC
93-104 insulation, a centering hole for the booster grain mandrel, and a pressure port for
combustor pressure measurement. After the dome-has been joined to the inlet actuator
mounting pad/nozzle support ring, the subassembly' ,s aged to the H-775 condition before
the nozzle skin is installed to facilitate nondestructive testing (NDT) Inspection of the
critical fin support pad welds. Following qualilty control (QC) acceptance of the aged
subassembly the nonstructural nozzle skin is welded in place. Subsequent heat treatment
is not required.

The nozzle liner is molded from chopped squares of U.S. Polymeric FM 5020. The mate-
rial is bonded to the nozzle support structure with American Cyanamid HT;924 adhesive. A
silicone 0-ring-between-the liner and the support ring ensures that gas d&ot not leakacross the nozzle bond line. Additional sealing is provided-by the DC 93-104 nozzle
entrance fillet, which is installed at final combustor 'assembly, and a soft silastic mate-
rial that is installed between the aft-radial surface of the liner and the support rings.

Alignment surfaces of the snap-ring interface and the ramjet throat are machined
after combustor assembly to ensure that the required alignment tolerances ,are met.

Acceptdnce of the completed combustors was in accord with CSD Acceptance Specifica-
tion rT-2630-003. Weld efficiencies meeting or exceeding" design requirements were demon-
strated for all weld types. A weld qualification program to ensure sound welds was con-
ducted for the 13 weld or weld-type joints used in the fabrication of the low-cost combus-
tor. -Weld procedures were developed for each of-these joints in accordance with the stan-
dard CSD weld'qualification specification.

An extensive materials evaluation program was conducted in support of the low-cost
combustor d6sign. Vehicle weight restrictions required qualification of a material meet-
ing high strength requirements while still maintaining sufficient toughness and stress'cor-
rosion resistance.

Material for the low-cost combustor was initially specified by CSD as a 17-4 ph aged
to the H-811 condition; however, in response to Vought's weight reduction requirement, CSD
determined the best compromise between material strength and toughness. The selected com-
buster design, based on 17-4 ph and aged to 775 0K condition, has an-ultimate stregth f
1,275 x 100 N/mz for sheet, 1,241 x 10 N/M2 for forged materials, and 1,172 x 10 N/m?
for case material. Since resistance to stress corrosion cracking was very important,
stringent NDT and acceptance test procedures were used to ensure that components and fab-
ricated assemblies were free from defects.

Preliminary design values were based on review of available literature or data from
previous Vought programs. These values were revised as CSD material test data became
available. As a result of the materials evaluation program and selective procurement,
design stress values approximately 20% above MIL-HBK-S design allowables were approved for
use in the low-cost combustor design.

To achieve CSD cost objectives, the complex air inlets (Figure 7) were cast instead
of machined. The cast inlets reduced the inlet cost per combustor by approximately 7S% of
the cost of-machined inlets, rdpresenting a savings of about $12,000 per combustor. This
is the first -time CSD hid used castings at high stress levels as an integral part of a com-
bustor case pressure shell. In a continuing effort to reduce fabrication costs, the tech-
nology gains from the inlet casting effort were expanded to investigate-the casting of theentire forward inlet section. This design, though not completed in 'time for this -initial

program, would reduce combustor costs further by eliminating the complex jigging and weld-
ing required to form-the forward assembly. Designs were prepared and a contract released- I:
for casting a single inlet section, formerly comprised of the four inlet castings, the-
four roll-formed interconnecting sheet segments,' and the forged forward dome/forward'
attach y" ing section. This integral inlet sectioni sho'wn-in Figure 8,-met all inspec-
tibn-requirements established for -the single 'inlet castings used inthe low-cost -combusfbr
development-program (LCCDP)combustors. The integr'al 'inlet section was subjected to th-same HIP process as the single inlet- castings. No defects du -to the HIP process were
dete6cted, and a' posttest dimensional inspection showed'the castihk- to be dimens-onally
stable during HIP.

-An extensive insulation- processing study was -_conducted- to develop procedures for
-ins -f -n . .. . .. " "

____ -i
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-Personnel in-CSiDflsResearch and- Advanced-Technoiogy-Department installed the Dow-
Corning--DC 93104 -iiistlation -into the prototype combustors using procedures developed
through litef4ture iqbsearch-and-prior- experience. Requirements and-procedures for
receiving/inspection, storage, mixing, and casting of the DC:93-l04 material were
developed and used throughout the program.

Yhemsuccessful cagting of the STh combustor-liners provided a significant increase in

CSD's understanding ofthed-handling-and:processing of the¢Dow-CorningDC 93-104 material.

VALIDATION TESTS

-Ground-testactiVities in-support of the-zSThprogram -successfully demonstrated the
adequacy of the design for defined STH flight trajectories. These activities are sum-
marized an Table 1 and discussed below.

CASE -STRUCTVRAL/IYDROTEST
-This-test demonstrated the structural adequacy of the low-co't combustor. These

tests,-conducted-at-CSD, subjected the finished combustor to full combustor design
conditions.

The low-cost combustorwas -subjected to two hydrotests. The first test was designed
to demonstrate the adequacy of the combustor to withstand the design internal pressure
(1.25 times-maximum-expected operating-pressure (NEP), 12 x 106 N/m

2 ); the second test
xas designed to demonstrate the adequacy of the combustor-to withstand actual flight inter-
n.,l and external-loads. -For each test, the analytically determined stresses in the inlet
ar ia were higher than the experimentally derived stresses.

The first low-cost-combustor booster test was successfully accomplished, with support
from CSD, at the NWC-Skytop test-facility. Posttest inspection of the-combustor indicated
that ittledegradation of-the TPS had occurred; A decision was made to lightly sand the
VC93-104 surface and-cast a second booster grain into the combustor. The second booster
test w2a successfully conducted in early 1979. All test objectives were met, including
the ejection of the port covers and booster nozzle.

CSD-supported the NWC investigation into the cause-of a-propellant-to-TPS unbend
which-occurred in the second motor. The cause of the unbond was traced to a procedural
-error in propellant casting. The Dow-Corning DC 93-104 insulation had not been "baked"
before-casting of the solid propellant, and volatiles evolving from the DC 93-104 during
the propellant cure cycle had caused the unbonds between the TPS and the propellant. In
the first motor, insulation repair at CSD before delivery to KWC had exposed the TFS to
elevated temperature for an extended period of time. This exposure drove off most of the
volatiles in the DC 93-104, allowing a normal bond with the propellant. NWC procedures
were revised to include a post-cure "baking" of the DC 93-104 before the propellant cast-
ing operation. All following booster motor grains were cast without additional problems.

The low-cost combustor thermal endurance test, supported by CSD, was conducted at the
NWC T-range facility on March 50, 1979. The same combustor, previously used for the two
booster qualification tests, was used for this test. Because of the limitations of the
-T-range test facility, the endurance test was conducted at a single condition (approxi-
mately 10.7-km altitude chamber pressure conditions).

The goal of the thermal endurance test was to demonstrate the ability of the TPS to
withstand long-duration cruise conditions. The results of the test were then used to

Iupdate the thermal math model and to define more accurately the high heat fluxes that
occur in a local hot zone around each inlet pad. Movie cameras positioned to look into
the combustor during ramjet operation produced photos showing two things of interest. One
good view of the inlet area showed edge burning of the DC 93-104 pyrolysis gases around
the inlet window frame. From demonstration combustor tests, it had ben speculated that
a larger combustion zone aft of each inlet had formed, and the matc" %odel was modified
accordingly. The second interesting observation from the movies was " at charred lines on
the sides of the inlets had been blown off after ramjet shutdown. Thezmocouple data did
indicate, however, that some top layers of char may have also been lost on the inlet sides
during ramjet operation (Figure 9). Since temperatures were not excessive, it was obvious
that good insulation remained on the case. On the basis of the thermocouple data, thermal
paint indications, and movies, the heating around the inlets is believed to be driven by
edge burning effects around the inlets in the recirculation zone created by the aft facing
step. The model h)othesis is illustrated in Figure 10.

The internal boundary conditions were revised to model this phenomenon by first making
the source temperature for the window frame, Zone C (Figure 11), equal to 1,9440K, the
approximate combustion temperature of pyrolysis gases, and then systematically reducing
the heat transfer to a coefficient until a good match with test data was obtained. In
addition, the source temperature downstream of the inlets, Zone 0, was reduced from
1,9390K to 1,700°K, which is consistent with the ALVRJ data base. As Figure 9 shows, the
pretest overprediction is correctea by the model update. The same internal boundary condi-

- vions were successfully used to predict the final ground test results and STh flight test
results.

Maximum temperatures measured on the combustor hot zone were only 978
0K, including a

255K preheat during 60 sec of facility inlet air flow stabilization prior to ramjet igni-
tion. This is well below the 1,2000K design allowable established by a structural creep
analysis.
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The- last-ground zest to-qualify the lbw-cost combustor-for'flight-was the integrated
system test- Conducted on April 16, 1979, in--th--CSD ramjet test facility (Figure 12).
This tes-was -designedto simulate fully the-iondiioas-andsequences-of events tobe
encountered-=in;-the STh-flight test.

The STI, IRR test was the first connected-pipe, rocket-to-ramjct transition, fulltrajectory similation test-conductid-by CSD-and -is tho-gh: to be the first in the United
States- for -afull-ize-flight combustor. AI -tz sequences and test parameters-were
designed to-simulate actual SIN fight conditions. Extensive planning, system checks, and
flow calibrations were carried out prior to t final authorization for conducting the
test. On April 6, 1979, with representatives from the Naval Veapois Center and Vought Sys-
tems Division in-attendance, the-test was successfully conducted. All systems-performed
within-specified limits- and all test objectives-were-met;

Figure 13 presents test data showing the thrust and combustion pressure history of
the low-cost combustor during the IRR test. Both parameters were exactly as predicted
from the ground tests. For this test, aerodynamic heating-was applied to one-quadrant of
the combustor only. Since tne external surface-of the combustor is exposed to aerodynamic
heating in only four zones approximately 12.7 cm wide, between the inlet fairings, it was
felt that each zone would react independently of the other zones in actual flight; there-
fore, simulation of one zone .2s sufficient. The heat -transfer coefficients expected to
be encounteredrduring the STY flight were supplied to-CSDby Vought. These Coefficients
were correlated to backside shroud air flow and temperature for this test by calibration
tests conducted on the-bare wall fit check combustor; The temperature re~ponse at criti-
cal locations around the combustor (Figure 14) clearly show the excellent thermal protec-
tion provided by the DC 93-114 TPS.

Upon completion of the fully successful integrated systems ground test, a flight dem-
onstration was scheduled. The specially modified A-7 aircraft took off from NC at Ridge-
crest, Califdrnia, and flew out over the Navy Pacific Missile Center. The STh vehicle was
dropped at high altitude and allowed to free fall approximately 5 sec to clear the launch
plane; The booster motor was ignited in a diving attitude, accelerating the missile to
greater than Mach 3 at booster burnout. The dive was continued for 30 sec, where-pon a
climb was initiated. The desired cruise speed and altitude were reached and a sustained
cruise-was maintained to a range greater than 100 km, whereupon a terminal dive to sea
level was initiated. The vehicle was allowed to impact into the Pacific Ocean at 151 sec,
under full peer. All aspects of the actual flight were achieved in a perficr flight test
demonstration of this low-cost IRR propulsion system for application to an ST.- The SIM
vehicle and flight trajectory are shown in Figure 15. A comparison between the predicted
downstream range vs time and the actual radar flight test data (Figure 15) showed a
perfect ,flight was realized.

CONCLUSIONS

The low-cost combustor for the SIM propulsion system has been successfully denon-
strated through a series of ground tests and in a totally successful flight test The S:1
combustor cost reduction for the SIM propulsion system compared to the ALVRJ propulsion
system was achieved with no performance penalty.

. -
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Figure 3. Supersonic Tactical Missile
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ENOINE SIZING AND INTEGRATION R,:QuIREMENTS
FOR HYPERSONIC AIRBRFATHING MISSILE APPLICATIONS

by

Paul J. Waitrup, FerikS. BilliC and Richard D. Stockbridge
The Johns Hopkins University
Applied Physics Laboratory

Johns Hopkins Road
Laurel, Maryland 20707

U.S.A.

SW MARY

A procedure that provides a rational means for selecting an Inlet/oZbustor con-
figuration for a hypersonic airbreathing missile is presented. The particular problem
that Is addressed is the design of the sustained engine of a two-stage missile that Is
constrained to be launched from a stowage volume that is either square or circular in
cross-section. Thle sustainer enbine accelerates from a low altitude separation at Mach
~4 and climbs to high altitude for cruise at Mach 8. The results show that a missile
with an axisymmetrlc nose inlet provides a somewhat higher thrust capability and slightly
better fuel efficiency than a chin type Inlet. Aft entry Inlets are shown to have a
substantially lowter thrust potential and lower engine efficiency. A criterion for de-
termining the maximum contraction ratio of a fixed geometry Inlet is established and
applied to the exemplary missile designs. Combustor area ratio Is examined and found
to have a relatively zmall effect on engine performance for area ratios equal to or
larger than that required to obtain maximum thrust at the take-over Mach number.

NOMENCLATURE

A - area
- total vehicle drag roefficient
anose, leading edge, cowl wave additive, body friction, and

Dn,le,cw~add,f,tw,tf tail- drag coefficients
CN - normal force coefficient

CT a gross engine thrust coefficient [Eq. (A-!),

CT = net vehic~le thrust coefficient C,. CD

D = diameter
ER = fuel-air equlva-lence ratio
F strean. thrust

f s - stolchicmetric fuel-air ratio

L =length
M Mach number
P =pressure

Q= heat transfer
q,~ free stream dynamic pressure

r, R =radius

T thrust, temperature
U =velocity

=fuel f'low rate

WE =box width (Fig. 11,

x distance
Z altitude

a = argle-of-attack
(0-90)/2

y =ratio of specific heats
* = inlet smile angle

=90-0/2

~ME~~c =Inlet kinetic energy, exit nozzle and combustion efficiency

0ubs- io5 = station numbers (Pig. A-1) ApprovedJ f-or Presentation and
a = body publication at the NA7/AGAM/
c = cruise PEP 58th Symposfu- . Additional

= maximum circle in box distribution hlmted to U. S.
Ia s=Inlet cowl Government agencies oniy. Other WI

5max maximu= requests for this document must
n -nose be referred to the Johns Hopkins
ref - reference Vniversity/Applied Physics Lab,
t = total Johns Hopkins R~oad. Laurel, walz.07
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INTRODUCTION

The design of a missile Involves the consideration of numerous factors that
include both the mission requirements and the constraints that are imposed due to
weight and volume limitations. It is the purpose of this paper to present a rational
procedure for guiding the design of a supersonic combustion ramjet (scramjet)-powered
missile constrained to a particular cross-sectional area. The scramiet has beenchosen because it is the most efficient propulsion cycle for hypersonic flight within
the atmosphere (Ref. 1). To explain the techrique It is necessary to select a particularA
mission requirement, bu. the approach is not dependent on this selection.

The problem is posed as follows:

1) The missile is to be designed into a launcher that has a fixed cross-
sectional area, either square or round, but, as will be explained below,
the detailed analysis will be directed to the square cross-section;

2) The missile Is a rocket-boosted fixed geometry scramjet that has an end-
of-boost Mach number of 4 and a cruise Mach number of 8.

3) The scramJet is of the dual mode type, i.e., at high fligh Mach numbers
and low fuel/air equivalence ratios, the flow in the combustor is supersonic,
whereas at low Mach number and high equivalence ratio, a normal shock
precedes the combustion (see Ref. 2 for a detailed dlscusslon); and

h-he Inlet capture area is either circular or a sector of a circle which is
co.monly referred to as a "chin" inlet and, by permitting the inlet cowl
lIp to be located downstream of a forebody, an aft entry Inlet is also} represented.

The objective Is to develop a rational procedure for selecting the geometry of the
Inlet capture area, the design Mach number, ME ,the Inlt ccntractIon ratio, the

conbustor area ratio and the nozzle-to-linlet area ratio.

INLET C0NS7RAINTS

The problem begins as an exercise in geometry to determIne the range of "smile"
angie, :4, of chin and aft entry type Inlecs that can be considered. Initially the
crIteria for selection will be based on the maximum proJected frontal area of the
:nlet, later the effects of reduced inlet area will be -dIscussed. Figure 1 depicts
the packar=ng of a chin type inlet constrained to fit within either a square or
cIrcular cross-section. In each sketch the axis of the inlet Is located to give the
m axi Inlet area for a given 4. For the square, or box, constraint (Ref.3) the
Rxis Is ccentric with the bo axis for 3600 > I > 270'. For 2700 > 4 > 900 the
axis moves along the diagonal and reaches the corner at € - . F r 4 Z 900 the
axis Is in the corner. Each sketch also shows tha-suilne of the circular body,
conceantrc w'-'h the inlet axis having the maxiu' ra For 3600 > 4 > 2700,

ra W_ 2, where WI s the length of the box sde < 210 ra W decreases

notoni -  0 to 0 at I = 900. It would be per-i:Atsle to have a radius ra  ' MAX

and still have the maximum inlet area. Moreover, r can Le gre-ter than r but
-only b decreasIng the inlet area. aa:Ax

For a cIrcular constraint and 3600 > > 1 00, =ax'm= I- let area Is obtained
with she chln Inlet axis concentric with--the-axis of t-- circular "container." For
! cl!3 0 the Inlet axis moves progressively outward, reachIng the periphery at 4 =
9U . For 2 < c9- the axis is on the periphery.

The ratio of the inlet area Ai to the area of the circumscribed circle Ae.
i.C., -W2/4 or ;r.2 for ra = r Is:5MAX

aBOX

3~0 > > 2700
A4 - (1)-

3O

2700 > 0 90-

= .(2)

"e 90 (1+siB)'

no > 0r

4$

.J1



0 270r -3W 0 206= Bi I0 3

(b) C rcu6 aunchey

A.

800 > 900

i. A

Where * goo m 
6

Wc > >=

PIgi~re 2 is a plot of the =vru oth rceadb.Nt btthere i5 a In the mid -Orkic- Of' each CUrve. ?or the box the nir occur,at

180/1 +-

or at e=20&:;60 and A,/Ae 0-C Fr the circle

cr at4 l-u '-TnA' -3

N-(9)
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4<4
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-Even though Ai/Ae values-are shown-for the entire range of €, some designs would

not be reasonable in that it would be impractical to faIr the asymmetric inlet Into a
cIrcular-or near circular cross-section that would be -typical of a missile. A reasonable
I---t would be-r./_ Z 0.3i which corresponds to 0-- i'0 for the box constraint.

Thus, for € < 140% smaller values of Ai/Ae would result. in this study this limit

was not enforced but as it turns out, It is a moot point because for other reasons
the chin Inlets of interest have € > 1400. Moreover, to lImit the scope of the
analysIs only the box constraint was studied in depth, which, as shown In Fig. 2,
gives the chin (or ift entry) inlet a~more favorable Inlet capture area relative to a
cIrcu ar inlet for < 2700 than would result with the circular constraint.

1.0

OR

6 E

2 Circular Iauniier

X 02-

0 90 180 270 360

inlet smile angle. - Ifeg)

Fig. 2 Maximum inlet air capture area as s function of inlet smile angle and launcher type.

IMU-ET PERFOPRMANE -

-Me next step in the analysis is the determination of the inlet air canture
ratio, addItive drag az.d cowl drag as a function o- Inlet design Mach number M..,

= 0s Mach number M_, and ungle-of-attack. Here, to lirit the sty Is necessary

to be swewhat arbitrary in defining the geometry of the compression surface. Prev!cus
exerence has shown. that a surface ha-vng an InItial - co-pression anle- or 12.50
vle.o a good cc prI-se between nh_ atnd pressure luss. Consequently, as shown in

12.5
° 
was used throughout. of the addl:Icnal compress.cn -an the inltC

was ass"_-ed to take n!ace downstream the last chaacterIstic passlng through th
cow- -

4
n ts concal flow, compression weves would fall insid the cow-

li- regardless r he Mach number ant an;le-of-attack. For the aft Inlet, a 2.6:1,
3/-poer forebody S-pe was selected a-ad was Joined to a circular cy!inder. Here
--gi, twas necessary to be somewnat arbitrary in selecting 0.6 as te ratio of the
radus of the nose --- Inder to the radlus of the cowl ra/r. A smaller value would

n -ert suffcient packaging In the forbody, whereas a larger value would decrease
the a n-t of ca-tur area. Even 1- the cross-secticn of the aft In't 'a eircular,
I 60, . --60-ax-um air cp-ture ratio is less than one because the cowl lip
I. iside the law shock generated o- :.!, forebody. For example, If the aft inlet
was .aced in the mest forward positIon, as shown dotte-d Fig. 3, the shock generated

r
2e 1 .50 surface intersects the bow shock at values of A = 0.3BS; 0. t9 and

zero angle-of-attack, a a = 6, 7 ant 8, respectIvely. To a
lesser degree the let air capture denpnds on the dowstream location of the cowl
l-, "is was examined parametrically as the -st upstream locatIon, at a point x/r a

the nose, ad midway .etween the two extremes. As it turned out, the
-es..=s were not stogl ependent on x/r so to lit the scope o"' t-m stdy the
su s-euent perfor:ce numbers were generated only for x/r,. 10.
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(a~ Ahyrnnt~ r~12.e

(c) Alt entry ile.

Fig. 3 Schmatic Hdustrntions of Wnet types cmmdered.

The ai ~ &at=-rtio and adAi-l ras were obta1--G hy -eans of~ a in
difference sol'tlo of the hyperole eqaions of notic..- fo steady - f - v
(Ref. 4). Ths-- tilizes a stndr RaCormack Pred~ -c=rcrec o
the solutien of :he governn eqt:n ylrdiar--- =nco-
form. A rt n Ia shock-layer -aens-orzation. is used t-W nlie th re
between the bZA- the perlpher- b- saok. The bow sh--c 'a is itted fe
stream, wheeas interal shucksar aeted

After fhe ' owid solution is oband the d a A-epoessed to ldth
various paramet~ers of Intveresc in. -43tdsign. For exaple, streamlines are traced
f-rom the bow shoCk. to their intersectU with the Inlet coli1p. The are.- of --he
resulting stream tube at the bow shcc.k Is obtained by ..nerlcal integration, and the
ratio of this area to the inlet cow1 are gives the aiL- capture ratio, A /L4. S!inilarly,
4ntegration 0-1 t-e mressure along Vis stre= tube gives the, add tive drag.

T-he air canture and additive -a A -a so obtained have been co--pared to the
analytical rslzavailable for a coe at zero angle-of-attack. Excellent gem t
has been found, with errors on the-"- orde or eISei~a~n ftea~l-f

atack behavior has not been estabished due to the paucity of suitable experinenzal
results or analyses with which to crae-Side plates were not consIdered n th-e
computation of A~A n for techin and aft entry Inlet designs, not- were

add
inlets wit noc eua ross-secton-

4iue 1and 5 .ylfy the results o.teeclua~oss~r~-
appendix. 5Ieelafr the *=3600 in-let will be referred to as the "noSe" Inlet.

-S
Curre vehos a r shawntre a -1V -o1z' '~ soprtda

n6. Pu' -- ~ oa 00 50 erd 1- for 0< 2 0 o
=00 the a'i' =P e Is intdependent of 6, - eo "tegative, aIr capture -decreaass

with decreaslr= 6', b-; for' positve = thereis an ot- f < 60 for each - r
v4.Ti sora'~e 4.capture cmr-er"s'c of ch-11 In. a at positive ass h

principal reason 'o considering "e-4 u'se in miasil appliCaticns, especi'"i Whe
bank-to-turn skeerl"Z can be used and tims a 'iinate Ie need to operate at eaie
74 gure 5compare- the 'ose/chi In! wt, he af't ent r ln-- f'or Inlets w--

ad8perating at M -4 -d 4A ~ = +51. 1ms figurerather drama 21

shows teadrs effet on air ca--t ' a m results when t-ne inlet Is p-1s'-ne
downstream of-hefeody.



1 0
1
edv An1 1

S 0.4-

f ~ = I I A I I I I

C-rlwr=Ml- -n nL4 v
ratio- -- l. - -Rslso

ul dceae-.n-.on4m!y - -e coi -a

lo ai. seisO biu c ~es zwr

ho lhis re' how~~~nelr s I'ee .1n inFi. Us 19)I F

ar avilbl dat fro tests ntai of hih -A (Rfs 1 an ;lrm %heo

s 5ul tchee wh nlt ato asg- e=tso

calculbeens aeo .v Sent forta sad er ei to og~qe a= 5 -. were.

effc dtency otnffciw In txtesiv tv ded- Ianfl of-a-c cenpr (For

zbho) Tre I a tIns shown ast th = A'
9

inFg6-nIn i.

ar aalal dt f ess fhll-a: :nes Rea-4at h2.o



Mt=

I4

As-

I4 5

-A I M

OMAR-

Dram:6

%A~p.3
I I I tI- i t z 0

-f

ed

F-~ ~ Mac nubArie



roI

ort'~~= -= -"- " 41I-. WereC re -=--

0 kr

4--~~ - - = -=

zeen~u- of-c-=- -W

a- t.eav~ ar -C d

M=- A A1

UP t-0~ tz dis ==SS - noI

the WlC~n-.='0ba

th e d M '=rm Zc t!, wnm- = rs
-e s t c - - *= = - -

e4f- 74-~ 4

7- ' re =-- - ---
---= s delaf- r- -4-

=he~rin tNx ztz ex tlc.f

metlo rat- is etuy--hez :creca-I a~~=-

Pa =c4444 en=--

Cas se -- ==-=-- C0

C h~z n Inlez be t-_ aft e74- armns i
-ht~a ftC the abs 01isfn

.*-w 
t

us fMla-i - mm -



Um-: a=---- -~~--~ ---

-am7

made

m- MM

- $ = - . = ~ - = - ~ ' =m-

* 'u

th tar car arr t ..
-b la=psz

ms-=d h

n same-a-

mud4~- _ __34



- -Au

A2 ~ S J~..' i

- Os=

Ou--t . -

am - =



Fj 2 I- =

fim me an 4_

aIg -b e-

ru -= : r s 'n e-X' S I 4 -K

I -m -

t Se

as' an

ssc ~ ~ -- - U: !E

-pe

O E e-_ _ _ _ _ _ _ _ _ __ __I~ ~~ne- a_ rw _______

_1 a a r ,Z



Ilil

op perhaps MD S = 5 would be a reasonatle choIce. However, this would require the inlet to
operate significantly above its design Mach number, a factor that was not adequately
addressed in the selection of the correlation for I (Eq. :0). None of the data coveredKE

tests of Inlets at M0 considerably above their respective MDES' Presumably, for the same

MI/M 0, nKE would decrease for MDES > M0 . Thus, MDES = 6 was deemed the praferred zhoice.

The choice of the larger A4 A2 was based on the slightly better average CTN at a = 0.
TN mAX

Figure 11 shows corresponding C. curves for chin and aft entry inlets all having a
-N

not atypical smile angle of 1600. Because of the prtvious arguments regarding inlet

Nozzle exit-to-inlet geometric area ratio, AJA i

1.126 1.393 1.492 1.333 1.009 I ,
M 6 A4/A- s 4

O M, 
=

4 Aref A5

06

I..W

S0.7

o 06

X O.r

0 4 Aft entry inlet

03 i "

90 ISO 270 '60

Inlet smile anqle, 0 (deg)

Fig 12 Maximum net force coefficient at M 4 as e function of smuie angle for nose, chin and
aft entry inlet designs with MDE S

operation at H0 > MDE S ) M < 6 were not included in the aft entry summary. Results for
other values of 4 exhibit similar trends. The previously stated arguments for the nose
entry used to select MD n~S d A4/A2 are valid for the chin and aft inlets, so again Moms =

6 and A4/A2 = 4 were chosen.

With MDES and A4/A2 specified, it is now possible to compare the efficiency of engines

having different types of inlets. To accomplish this, comparisons need to be made for
cases where all of the engines produce the same net force. Figure 12 helps to serve in
explaining the methodology used to 'ahe this compariuon. Here, maximum net force coeffi-
cients (i.e., M 4, ER = 1, a - 00) are shown as a function of 4 for engines all having

0
MDES 6, A/A, 4. The minima In the chin and aft entry curves are a direct consequence
of the geometrical constraints on inlet size shown in Fig. 2. To enable comparison of
engine efficiency at the same thrust level for all 4, CT c 0.628 and 0.382 values were

chosen. Thus, at the higher level, nose and all cin inlets can be compared and at the
lower level, all three types can be compared. To reduce the CT for 4 9 2090 engine

11 MAX
designs, the engine inlet area is reduced holding A5 constant. For example, for the nose

inlet A5 /A4 is increased from 1.0 to 1.53 to reduce C from 0.89r to 0.628. For <

- - 3600, the reducti.,s in Ai are smaller since Cm are lower and the corresponding
NMAX

A /A,, shown on the top scale in Fig. 12, are larger. An alternative method would be to
5

reduce the engine ER, but this was not examined herein.

Z- 4
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Figure 13 summarizes results for the chin and nose inlets at 1O = 4, a = 0, 0,

= 00 and +50. Fuel flow is used as the index of effio-eny. The 5 ., a 00 curve is
for ER 1 1 and thus is representative of efficiency during acceleration. The 1 - 8, a

+50 orve shown in the middle figure is for C,. = 0 and thus is representative of cruise

efficiency. For either case the nose inlet engine is more efficient than an engine with a
chin inlet. if efficiency were the sole criteria f:r selection of A, then a large srile
angle would be the choice. However, as suggested by the sketches shown in Fig. 1, engines
having * greater tan about 210O would not benefit from Improved packaging efficiency
relative to a nose inlet that has often been ascribed in other studies. In any event, the
differences in efficiency between, say a 6 = 1800 chin and a nose inlet, are nact profound,
amounting to gbcu: 3% at H0  4 and 91 at M0 = 8. Maximum accelerative capability at M
8 is also slightly better for the nose inlet, as shown in the figure at the bottom. Had
the basis for selecting the respective engine sizes been equal maximum thrust at N0 8,
there would be a greater difference in the relative efficiencies between the chin and nose
inlets but the chin would have greater thrust potential at lower Mn. The general conclu-
sion, however, is that on the basis of engine performance, the nose inlet would be pre-
ferred.

65 1,-! + + I I |
Ms 4  CT 0 =0628@M, 4,a T MD0 <6

i G = • nA 4 "A2 4 =
~~ pFR=1 ~~C'an leAet

7 
6 .0

CI -  
-Nose inlet

3 551 1 I I i I I | i

W-0 j 0 -8
oNose iCetsi

Chint inlet

2080 170 360

Inlet snlie angNe, i ndeg)

F i.13 Performance comparison of no se and chin inlet ve hile designs . th CT7 I' 0a 2
when Me - 4, a 0- -~

5- Y

Ine VONsml,~ dg

+ 4 1  --.

- +- . -. . .. .-- -

+ _- t _ - t _



When the comparison is based on the lower value of C, at M 4~ a =00 so as to

include aft entry inlets, the arguments relative to the comparison of the chin an~d nose
configurations are similar. On a fuel efilency basis, the aft entry is poorer than the
chin !'or toe range of interest, as shown in Pig. 14i. The curves relating to accelerative
capability a'. 1.1 , shown in the bottom figure, exhibit trends for the chin and nose
inlet similar to thonle for the engines designed for higher thrust. For the aft entry at
a = 00, thrust levels are 60% to 70' of the corresponding chin inlet having the same 9
At first glance the curve for ;he aft inlet at a 50 appears to be anomalous. In fact,
the very large decreases in with increasing and the significant differences relative

to the chin inlet at the same 9 are directly attributable to the far greater sensitivity
In air capture of the aft inlet to change ir a. For these conditions with smile angles
less than about 22-0* the relative ai~r canture of the aft inlet increases more rapidly with
increasng a. For larger 0, the trend i's reversed because the "shadowi~ng" effect or . he
leeward side Is more pronounced as the Inlet is moved aft. In general, an engine with an
aft inlet has less tnr .st potential and is less efficient than either a chin Inlet or nose
inlet engine.

4.0 082' 0 4a

;ER -l

inseinlt

Inlet ~ ~ re sAl nie ' dg

Fig 1 Pefrnccmprononoech Aaft entry inlet ece
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CONCLUSIONS AND REGCOMMENDATIONS

The results of this stuly lead to the following~ conclusions and :,commendatiofl5;

1. The net performance of nose inlet missile designs Is somnewhat better than

comparable chi- inlet designs when subjezted to the same launcher cross-
sec' ional area constraint. Aft entry inlet designs have substantially less

thrust potential and lower efficiency than either the nose or ain designs;

2. A maximsum inlet contraction ratio, (A /A )y~~!ss hc safnto

of the free stzream Mach number. Further increases ±n A 0IA, are not possible

without causing Inlet unstart. The overall maximum value Is 3.5 at M 0 =

This conclusion is based on experimental results obtained primarily at angles-

of-attack < 30 and further testing is needed to substantiate the conclusion
at the higher values of a;

3. The optimum inlet des~gn Mach number falls In the middle of the desired flight
Mach number range of operation, not near its upper limit. Conseauentlv, future
inlet exper;ine:ntation should include tests at one and two Mach numbers above

4I. The sensitivity of engine performance to yaw angle should be investigated.
Chin or aft entry Inlet missile designs require bank-to-turn steering which
can Introduce sideslip an~d the performance of both may be sensitive to yaw
angle as wall as aigle-of-attack;

5. The maximum inlet capture area, Ai, Is a function of snile angle in a given

launcher constraint. The overall minimum occurs when it = 208.60 for a box
launcher and =133.60 for a circular launcher. The maximum occurs when
013600 and 90'; and

6. The choice of an optim um smile angle is not clear. A lower bound can be estab-
lished when the zadone size is defined. The optimumt, however, would depend on
a study In which internal packaging efficie ncy is Included; such a study should

be made.
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veracity of the analysis for predicting scran4pt engine performance has been

established.

VEHICLE D:4 N- D CO-NSTRAINTS AND MISSION HZQUIRSMENTS

The curret study was undertaken to develop the methodology needed to
systermaticazy de-ermlne engine sizing and IntegratIon requirements foPr hypersonlc
airbreathing rss 1 le applications. Three types of inlet configurations that have
received considerable attention in the literature have been examined. As with any
missile designs, certain launcher constraints and mission requirements must be net.
Those chosen for this study are that the missile must fit within a square and be
circular in cross section and that the missile must be capable of accelerating from
Mach 4 to Mach 8 cruise speeds. The more detailed analysis was confined to a
50 x 50 c (9. 7 x 19.7 in.) x 400 cm (157.5 in.) box constraint.

The Mach ' end-of-boost flight speed Is a reasonable choice since the optImu
two stage vehicle generally is obtained when the first stage accelerates the vehicle
to approximately half its cruise speed. The vehicle length (L to dameter (D) ratIo
of 8 that was selected Is typical of high speed, alrbreathing missile designs. Finally,
a fixed geometry engine is assumed as it generally is preferred to minimize cost albeIt
with some lose in performance.

With the size of the missile thus ccnstrained and the flight regIme established,
the resainder of this appendix will present detailed descriptions of the inlet and
engine performance calculations and aerodynamics and drags used in this study as well
au sample calculations of the results presented in the main text.

INLET PEREOIMA CE

Inlet nerformance Is a composite of three distinct parameters: air capture area
ratio (A0 /A4 - see Fig. A-l), kinetic energy efficiency q KE) or total pressure re-

covery and additive drag. The ccmblnatlon of A/A, and nKE together with a speclfled

Inlet area entraction ratio (AI/A1 ) is sufficient to determine the globa flow conditions

at statlonr-for gIven conditions at statirlo. These, in turn, are required so
deterzmine .e -l flow conditions throughoui t-e remainder of the engine. Additive
drag, c.i the ther hland, is required to determine the net vehicle forte. the mair
text of this rerort, an empirical relation etween -- and Ao/A1 is establishe- 'Fig. 7).
Since A/ '4/Al) • (Ao/A), it o!y remal'=s to determine AsiA an the addl.

drag coefficient (C- ) as a function o. V-0, and angle-of -aacr a,iadd

the 6haracterization of the inlet.

The Inlet a,- capture and additive drags were determined for 'he annur. hI
and aft entr-y nlets depicted in Fig. 3 of the -an text using a three-Imens-na
solution of' - .hyperolic equations cf =tlon. The analysis is very slmii to
that reored - for example, Refs. 4 and , and codes of this type are now readily
available.

The results of these computations are given 'In Figs. A-3 through A-16. Free
strea M h n"r -ber of 3, 4, 5, 6, 7 and Z were considered along with angles of attack
of 0 , +5 and +!A

-. Figures A-3 through A-1Z present Ao/A. and C as a -- n-o
0 Uadd

of inlet s=- ag-le (A), M0 and angle of a c the nose/cA-. 'ni" h

Fig. 3 of t- = a- text with M - 6 and . Figures A-ll through A-- Presentf
DES

the corresponding results for the aft entry Inlet depeted in Fig. 3(c) of - n--a
text. Here, however, only inlet design Maeh -. bers of 6, 7 and 8 were considered.
Note that the reference area is taken as the Inlet geometric area (A P or l-

circle (4 1 at zero angle of attack "a ) This permits direct -o--ar s-
to be mde b -tween the various inlet designs --Z - values of €, 'des ,  "

ig"res A-il and A-l8 present such ccparlscs and supplement h -ose shown
in Figs. an f the aIn text. Figure A-17 compares A o/A as a functio-n cf

angle of attack for the nose and chin ±nler, f Me 0i . L-8

compares A i0/ *f aft inlet designs wIth those of the nose and chin rn e v :'or

hdes 7 1- -re Sults in Fig. A-17 show that:

(, There is a 20 to 25% decrease In air capture at all M s
0

and M---, for the nose inlet designs ( 3600) for angles

of attac of +10
° 
compared with the air capture characteristics

AA
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(2) The loss In air capture at P. I a-_ZS and a - +100 of the nose
inlets-is eli=Inated by using a chin Inlet with a smlle angle
of 2700 6r les; and

(3) For V. < YOF% , . > 0' and chin Inlet designs with * < 2700, the
air capture increases with Increasing and decreasing 14 over
the zero angle of attack values. For example, for Y.0 S - 6,
V0 - 4 and # - 1800, the air capture at a ±10O is 2Y% higher
than at a - O

.

A-he results in Fig. A-19, on the other hand, show that the air capture ratio of the
aft entry Inlet ! always les than that of' the n or chin Inlet d-sIgns except fer
. Z a a 410 and here the aft entry inlets air capture is 65 to 12n

higher than for the chin.

The reason for these differences is that the bow shock of the aft entry de.!. nnever intersects the owl !Ip, even at angle-of-attack, except for the above mentoned
cases. In additIon, ..a three-dimensional flew for e < 360 a lateral (non-axlal)flow is established -hlch pernits a portion of the air to spill around the Inlet whichwould not occur in an axly~etric ot two-dl=enslcnal flow. Consequently, the a~r
capture characteriattcs of the aft entry and, to so=; exte-t, the chin Inlet are lowerthan would be expected for a comparable two-dImensaonal n..et des gn flylng at angle-
of-attack. Thus, whereas an aft entry inlet Is a vIable Inlet design for a more
nearly two dimension flew on a body at angle-of-aztack, such as the NASA hyperscnIcengine (Ref. 12), _'t -_3 less than desirable air artujre characteristics for o
hypersonlc missile. ThIs is especially so at low Vach numbers and lcw to mderate
angle-of-attack.
M;INE PERFO3RMAN=

The Interal perfo:e: ce of a matrix of scra-j-: engines has been ccited. 'slng

the cycle analyis presented iZnn er to make the results Independent of
particular inlet design, however, requires tha th -results be Coeplied and cresented

as a function of ....e _.-'t contraction ratio (A /A.) using the correspcndlng kinetic
et -- I . -- ..n tbxt. Such computations have been macebased on the ffllcwlng assslptions which are consistent with the norms eslatished e InRefa. 9 and 10:

(1) The combustor Inlet area and diffuser exit area are equal, i.e.,A, - A 2;

(2) .e fuel is R2-5 with nc _ lCC -This assumption has been made to
simplify the analysis. In an actual engine, PJ-5 is not sufflclently
reactive to turn efficiently In tne scramiet engine. Either the
addticn of 10 to 301 by weigh: f a highlf reactive fuel (.g.,g BO)
or oxidizer pilot (e.g., Clf) are reuired to achieve high cz=bustlon
efficiencies (Refs. 1 and 10). The properties of RJ-5 are as follows:

stolchlometry, fe - 0.g7284
heat of formation = 20 kcal/ -mole
lower leading value - 9.97 kcal/gm
chemical formula - --0
molecular weight - 16.
specific gravity = 1.07;

(3) The air consists of 0.75525:2, d,23t 02 and 0.01325 A by weight;

(4) The cm -stor wall wetted-to-inlet are& ratio (A/A 2 ) Is 40.0;

(5) The inlet and combustor flows are In ther=oche=ical equillbr - 9

F (6) eat transfer through the walls of the combustor are neglI'gIble; and

(7) The nczsle exit stream thrust is based on an efficiency of 0.98 foran expansion that is one third of the way between fromen and equilibrium.

With these assumptions, a =atrix of gross engine Internal thrust coeffIcients (I)
were computed for an altitude of 15.24 km (.00 ft.) for effective contraction ratiosof three to the axlmu pe.Itted (Fig. 7 of' the main text), equIvalence ratios of 0.25
to the maxlu= permItted for H. Z 1 In 0.25 Intervals, combustor area ratics (A/A 2 )
of 2, 3 and 4 and effective exit nontle expansion ratios (A5/Ao) of 1 to 5. 3ross
thrust coefficient in these cases is defined as

-[
C' Po O (As AO)] Cqeo) Ai
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where F is the stream thrust. An altitude or 15.24 (50,000 ft.) w55 chosen for
simplicity. Although s=all variations in C. will occur at other wiItudes * he

9
CT a given are a good approx=ation for C0.. all altitudes of Interest.

The results are presented in Figs. A-19 through A-24 where C_ Is g ven as

function of Ao/A 1 for 3 < ' 8, 0.25 < EP cl..0 or the ax u and 2s AdA. _

for each of the effective, exlt nozzle expansicn ratios. The reference area ( i

all cases Is A 0 . To use these curves for a particular inlet/n-gne desIi requires

a knowledge of N, Ao/A 4 and A4 /A, of the Inlet, Ad/A 2 and A_/A,. Then Ac/.- - fA./A.

(Ao/Ai), A5/A0 -('/A) • (A,/A o) and C,. 'ed o A for the knoan
As/Ai can be dettrMlned fer each ER. To ataln t. at valucao ER. A/A 2, A/AP, an d

Ho other than those shown requires at least a thee 0n nterpolation.

AEROPYNAPICS AND C.RAGS

T.he final parameters needed before a co-plete vehicle perfcrmane et Iae tan
be made, I.e., f-lnd!ng the net vehicle force coeff! lent (C. as a functIo- of.. x-

a and engine des!gn, are the nor-l force coefricIent per deree of ange-zr-atacK

(CN/e) and the zero lift external drag coefflcients. Fcr st-lIctty, a Inle :arve

for CN/o has been assa=ed which is representatve of' those cc-puted fzr ±ther hper-

sonic missile designs. The relatonsh!p is

Cs/a - 5.4 - 0.314 (A-2)

where a Is in radians. The reference arca Is a 50-c (l9.7-In.)-dla c-Ircle. Me
that the functional dependence of C,./ s "Intar -:th M_ . As such, Its ut11y Is

limited to small angles-of-attack, i.4., a < ± l-l5
.

The external drag coeffrlcents needed are far the freccty, and le-d
wave, the body friction and the tal l w ve and frlcta n. -fre ft ret edy ,nI e r

nose) and cowl wave drag coefficients (CC. , C..Uevute - the --e Qna:ytical

procedures used to determine A/A 4 and C. for the inlets. . ro a.

in co=puting CDcw. The cowl leading edge drag cueffi-len (c_. 1 -0 .- A ssi=r_-

a leading edge dIameter of 0.25 c= (0.1 ln.-. Trhe .cdy a. ta1 frlct!cn d70 Cc
effllents (CD,0 ) were computed ass=lag a -=-ot, ad a wa wh a

Df C tf
developed turbulent boundary layer. The tall wave drag coeflcen I'- ' as ctalned

assuming g two-d-mensIonal ftou at the free strea mcnditnn 'Or-over a 15
° 
angle wedge

with a 55 sweep angle, a total planfor- area of 256 C4 "a . - -! a d ... .. ns
ratio of 5I. it should be noted that four c... -..-- surfaces wr" 5- -_ - -

inlet vehicle designs assIng skd-to-turn aeuer, and three surfaces Tr the chin
and art inlet design ssu=ing back-to-turn maneuvers. The total zail eianfe- area
In both cases, however, Is the same.

The resulting drag cOefficients are shown In Fgs. A-S throug -_- as a
of free-stream Vach number. Al! are references to a 5C-c= (1.-- - e.
Note that De and C w are also functions of H1  For :I- t, and are

given per unit body surface area and per unit projected frontal area r vely,
where the values of C are based on an AA. of 2- i- nt-duae less than a

42% error in CDew for 1LA5 /A, : 4. Base drags are not Included since It is ass-

that the engine exit nozzle rll1s the =axl-=- circle afforded by the launcher constraints.

SAMEPL CALCULATIONS OF NET VE ICLE FOPCE CCEFFICIENTS

With the inlet performance, engine perfoance and aercdyna-m cs and drags
established, it Is now possible to preset detalled exales of how the net force co-
efficlents (C-N - . - C, ) at N0 - 4 and 8 In the =an text were generated. S-ec fIcally.

0
the cases for which C, - 0.382 at N0 - 4, u - 0 and ER - 1 (F~g. 12 of the maIn text)

for the nose inlet and * - 1600 chin and aft entry Inlets will be used as examples.
Note that NDFS * 6 and At/A 2 ' -0 in all tree cases ano that an Iterative procedure

is required to arrive at the A5/A. needed to produce a C - 0.352 at M- 4 8, a 0 and - -

TH 
-

Iz



- -- --= -r

ER- 1. The exa ples, however, only Include the final coputations.

To Initlate these calculatlins requires char the Inlet geometric area contractIon
rat o, A,/A,, be chosen such t does not exceed the =axi-um contraction ratios,

(A 0 /A 1 , set forth In Fig. ?of -he maIn text. Since

t/ = AA) /(A/_A 4 ,0 max o

and A/A, var~es with both an a, bounds on both Fo and a need to be established before
A./A, can be selected. ne Mo  As for -he veh cle designs considered are M0  4 to
Also, mss1les of this type generally follow a nearly zero l1ft trajectory dur-ng the
Initial stages of oi--cum fron = but requlre negative lift during the latter Portion

R of the cl4-cut In order to le-ve-off at the cruise altitude. This generally occurs at
Yos > . Once at t crulse a II"e a poritive a is required to maIntaIn I "g" of lIft.
Consequently, a - at - an ad a = +1' at M. Z 6 have been assumed as the rexions
of prInc- ;al Interest. HM.e-ro nO rally occur in terzInal maneuver at whIch time
engine ;erforz ance yre ---,'ey n-'po rtant.

With these -os ea ( 3) en used to determine A4/A1 = f (VI, a) uslnm
Fig. 7 for (AC/A-) =a% and A- and .A-Il, respectively, far A/A. of the nose
chin and aft entry Inlets with H_ 6- -e minium of these values is then selected

as the maximum A iAI, (A/A)_ , f r each inlet type. For the nose and 0 li ° chin

nlets, the minimum cc*-,--s at G and (AA,) max ' 5.24/0.745 = 7.034. For

the 4 = 1600 aft entry Inlet, (4A,.)_-j = 8.32/0.756 = 10.529 which occurs at Mo a,

+100 .
-had a = +100 teen th - "-cti criteria at M = 4 and 5, then (A /A)=ax for the

nose would still be 7.0Lbut tha t for the €= 160 chin Inlet would be 5.413 which
occurs at V0  , a = C1a ---- ---t he aft entry inlet would be 7.686 which occ-Us
at YO n 4, a = + u=m a ry of tes results for all values of * is presented in
Fig. A-31, where AIM -- - as a function ef inlet smile angle using the two

different bounds on a at % and 5.

With A1/A. establoshed ' -sh design the remainder of the cozponents of the net

force coefficlent are calculated as sh-wn below:

Nose inlet = 360
In this case, the required AA Io acheve 4 = 0.382 for = 4, ER - I, and a 0

°

4N

is 2.39. With A5/ . is 2.3_9 the areas =eede to obtain the drag coefficients are:

A, =a ---,z-=A..3:9 = 82.5= X.127.34fl .

Aow = cowl area proeced axlly

r(50- A./ = 41=== llf.9ac (177.0 In. )

Aoowl lp = cowl lIp area

= cowj ti

l = a (16.74) (.-) -  . (4.00 in.2)
iL..i (25. .).} 6P

= (33. (3 7. -) U

4-7i
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-30.8 (12.14 in.)

r -30.8 [.1-(.'059 1/2

*29C-.m (11.142 in.)

howevver, to Lc consistent with the inet flowtields generated in Pigs.A-11 and A-112, r,/r,. 1.66?. 7Ttrefore

r, 30.8/1.667

r. -18.148m. (7.27 in.)

A - *(18.148) 2 (2001360)

, 596.ocm (92.39 In.
2

)

Ae (2)2 _ 1327 _ 596.0

- 40.L=s
2 (628 in.

2
)

AWrd1 11 [2- (30.8) (160/360) + 2(0.-8 -18.148 )1(0.254)
. 28 . 40cn2 

(4.40 in.2 )

*n (2.6) (2) (18.148)

, 96.1cm (3784 in.)

(1/ 1 a2.6) (96.1) (200/360)

*35142 om2 
(549.0 in.

2
)

Li forbody cyl. ler~th ' 0 (1818)- Lh

I88.7cm (314.92 in.)

At,, 000-J814-8) (W (50+

(88.7) (21)(18.AS) U00/360)
I 39.525m.k2 (6126.4 in.

2
)

1t 39,525 + 35112

- 43,67cm
2 (6675) in.2

iezo ift drucoeffiients at M0 4 an a-06
0 

referenced to A. are:

Cal - (0-014)/1.48 - 0.0270 (Fig~. A-12)

CDcd - (1.617 . 107'0 (6.28) -0.0010

%e ,(6.32 x 10-3) (14.140) -0.0278

N~ote trata m, offset or -o.-ised for ttesft ertry' s~wndCl in Figs. t-26 andA-27. WshIsabecause

tbC Ftach ntrber or the inlet's rnse just prior to entering tie second oemression field is zero to 0.2.
MOch nw-bers lower- thenYO

COn 1 (0.0757) 192.39/304.342) - 0.0230

Cot - (3.53 x 10- ) (6675) - 0.0235

CDtw - 0.0092

CDf .0.0030

CD - total drag coefficient -. 1t

__________________M m______I



8-27

At M0  8 and a =+5P, the drag coeffcit aAe
= 82 3 0) (360/160)/1.48 -002

add

=(1.248 x 10~ (6.28) =0.0008

CDe (3-88 x 1073) (4..4o) -0.0171

=(0-0638) (92.39)/304.342) - 0.0194

C = (1.52 x 10-6) (6675) -0.0101

C~t.=0.0088

C-Dt=0.0013

C~a =0.0228

CrD
At N8 w a OP, CD 0 butC- ~(r0168)/1.48 0.0114.

0D

Therefore,

CD =0.0928 - 0m228 - 0.0.125 + 0.0114 =0.0689

Again, the sawe procedure as before is used to obtain the Values of CT correspording to A -1.M8.

Hower, at 0- 4, ER -I and a =O, /A =.470. Thus A./A= (10-529) (0-47) 4.949,A 5/A0  3.149 and

CT 0.4972

CD -0.1145

Fo 8, ER1, and +5* ,A./Ai 0.762, AQA 8.023, A5 /A0 =1.942 ane

~ 0.2290

CD - 0.0928

For~~~ ~ ~ ~ MO 8 R 1 n . A/l 0.532, A./A=5.6011A 5 /A0 =2.782anud

rr = 0.1730

cD - 0.0689

At cruise at N 8and a +50,/AA /A1  n 5A retesm s hnE .I ths case,ER 0  .444
ad the fuel flowi efficiency is 1.406 x 10O (lte/s)/1bf.

Im
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SUMARY

Several types of ramjet and ramrocket (or ducted rocket) propulsica systems with

hydrocarbon fuels for high sub- to supersonic missile application are theoretically

analyzed and compared. Design considerations are discussed with respect to their

performance impacts.

Fundamental physical connections as well as mission and internal design variables

are investigated in order to give some insight into the ramjet's and ramrocket's

performance and application potential. The results are presented in graphical form.

PREFACE

The results discussed below have been gained during an ongoing study under the

sponsorship of the Gernan Ministry of Defense in cooperation with the industry and the

Deutsche Forschungs- und Versuchsanstalt f~r Lu/t- und Raufahrt (DFVLR). The purpose

is to support ongoing experimental and design work with theCretical analysis.

The high level of the Specific Impulse realized by ranjet systems can sometimes

not be used because of the demand for higher thrust. Mostly the ramrocket can operate

at the higher thrust level but at lower Specific impulse than the remjet. The design

cf an airbreathing missile depends not only on 'he demands on Specific Impulse and

thrust, but also on the limitations oL combustion pressure and temperature and the

geometrical requirements. At a given Jituation of altitude and Mach number under the

iomtations a.-- requirements mentioned above che choice of . sufficient operdting

syste.n needs a detailed insight in the mutual dependance of the various parameters.

Some theoretical layout of missile propulsion systens ba3ed on their benaviour is

developed for some given criteria e.g. flight situation and geometry. Fig. I shows the

cross-section stations of the ramjet and the ramrocket (ducted rocket).

1. METHOD OF ANAlYSIS

A comprehensive computer program has 1een developed to calculate the aero-thermo-

dynamic performance, i.e. the internal flow and thrust, of a broad variety of supersonic

propulsion systems including ramjets and ramrockets re.p. ducted rockets (1). This

program has been originally targeted on an air brea.hing space transparte project (2,3).

A derivative of this program is being used for missile propulsion as discussed here.

Table 1 summarizes the most important simplifying assumptions for the cases presented here.

Dip!.-Inc., Project Engineer, +)Dipl.-Ing., Head Cheical Propulsion Group



Table 1: Analysis Methods and Simplifying Assumptions

General:

One-dimensional flow
No wall hLattransfer

Design point and off-design point analysis

Internal thrust only, no external drag

Hot gas flow in chemical equilibrium except in nozzles

Specific Components:

Inlet diffuzer performance according to AIA+)and

off-design correction according to Ref. 6

Combustion of all propellant combinations with

NASA SP-273 Program (Ref.7).

Fuel: Liquid Hydrocarbon, Oxidizer: Air, N204 resp. HN03
Mixing and combustion chambers with variable area and pressure

Nozzle flow with defined freezing point at the nozzle throat

Nozzle expansion to ambient pressure or to maximum engine

cross-section area

The comparisons given in this paper mainly show the two most important performance

parameters:

1. The propellant Specific impulse Is as ratio of thrust to

total propellant mass flow, including oxygen when a rocket-

type combustion takes place.

2. The Thrust Density DF as the ratio of thrust to maximum

engine cross-section area.

Both parameters are equally applicable to all air breathing, rocket and combination
propulsion systems without any limitations, The Thrust Density D. is shown here rather

than the more usuai thrust coefficient F=F/O,5 o V 2A which is less useful at varying

and/or low speeds.

2, BEHAVIOUR OF A RAMJET WITH FIXED GEOMETRY AND TEMPERATURE LIMITATION AT CONSTANT

ALTI1UDE

For a high altitude mi -i!e with a ramjet propulsion system the correlations of

fixed internal geometry anj flight Mach number at constant altitude !.pe been investigated

thenretically and experimentally at the DFVLR at Braunschweig/Trauen (6). The goal of

this study was to explore the whole range of physically existing solutions. Yet it

turned out that the simple theoretical model in use sofar was not sufficient for that

analysis. Therefore tne program described al-ove has been adapted, For constant altitude

and variable flight Mach nwmber nainly the internal gecmetry of the combuster and nozzle,

i.e. combuster exit/entrance and nozzle throat/ccmbuster exit, have been investigated

as parameters. Additionally a combustion temperature limit had to be considered. Fig. 2
shows as an example the Specific Inpulse versus flight Mach number with fixed geometry
and/or limitatiun of the tesoeratare at the exit of the combustion chaber. The var:atxon

of the flight Mach number results in a variation of fuel mass flow and Specific -mpulse.
Considerino the line for a fi-.ed cross-section area f3=o.6, the Specfic inpuise s

rapidly descending from the beginning at Ma=2.75 (point A) to the end at mac4.5 (point D)

with a slightly change of the bend of the curve. The temperatures are also varying and

the dash-pointed part of the curve (point B to C) requires temperatures higher than the

considered maximum of 2000 K. Another curve (dotted line) is plotted for a fixed

temperature and therefore a varying cross-section area f3 " Here a maximu of I, is found

Aircraft Industries Association (Refs. 4,S)
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at Ma=3.25. A third curve combines the limitations of the former two curves in the range

from about Ma=3.5(point B)to Ma=4.4(point C), where at the former curves either the

temperature was higher than the allowed maximum of 2000 X or the cross-section area at

the throat was less than the fixed value of f 3=0.6. This combination of the two procedures

with its limitations requires a diminution of the density of the inlet airflow. This can

be realized by a supercritical operation of the inlet within a certain range which has

still to be defined.

This third curve (solid line) fits the dash-pointed part of the curve with f3=0.6 and

variable temperature. For the curve from point A to D the behaviour of the total pressure

at the end of the inlet diffusor and of the temperature at the ends of the inlet and the

combustion chamber is shown in Fig. 3 and 4. At low Mach numbers, the critical cross-

section area of the inlet diffusor is less than the cross-section area at the throat.

Without any combustion one obtains thermal blocking at toe throat (point A at Fig. 2).

Lncreasing the flight Mach numLer decreases the critical cross-section area of the

inlet diffusor. So combustion cannot satisfy the fixed geometry requirement. This happens

at about Ma=4. The total pressure curve with loss in Fig. 3 shows a maximum at about

Ma=4. From Ma= 4 increasing the Mach number decreases the total pressure and increases

the critical cross-section area of the inlet diffusor. The fuel mass flow decreases,

temperatures decrease as in Fig. 4, passes the temperature limit (point C at Fig. 2),

and finally no more combustion or fuel mass flow can taxe place at Ma=4.6. Here the

critical cross section area becomes equal to that of the throat.

3. DESIGN PROCEDURE OF AN OPTIMUM RAMJET-ROCKET COMBINATION SYSIEM (DUCTED ROCKET) FOR

A GIVEN FLIGHT SITUATION AND GIVEN BOUNDARY CONDITIONS

Specific Impulse Is and Thrust Density D. are the most important design-values of a

ramjet engine beside its specific weight (weight per unit of thrust). Modern missile

requirements tend towards high flight Mach numbers and long ranges. The pure ramJet does

not necessarily fullfill the thrust requirements for high speed missiles at low -1titudes.

The combination with the rocket cycle can but does not always improve thrust with a

penalty in I s . To define the op-imum propulsion system Df this f- % LIe whose spectrum

of the pure rocket over the ramiet-rockets to the pure ramjet has to be considered.

For example a propulsion system of this type for a cheap target drone shall be designed

for a sea level mission at Ma=2.5. Five different rocket gas generators have been

combined with the ramjet cycle and plotted over a wide range of air/gas - mixture ratios

in Fig. 5. In this case red fuming nitric acid has been used as the rocket gas-generator's

oxydizer. The rocket gas-generators have a range of mixtore ratios from stoichiometric

(curve 1) to extreme fuel-rich (curve 5). This leads to a ramjet afterburner from pure

mixing without secondary combustion to nearly all-secondary combustion like in a pure

ramjet.

The other three cases are located in between the extreme ones as true combination

systems (ducted rockets). Fig. 5 shows the characteristic values I and D F over the

secondary (ramjet) mixture ratio as the independent variable and the primary (rocket gas

generator) mixtue ratio as parameter. Additionally the primary and secondary combustion

temperatures have been introduced as boundary conditions.

These four diagrams car be used as a rapid graphical design method for ducted

rockets. For the example discussed here an estimated drag coefficient for the given

constant flight situation and the requirement to launch the missile out of an existing

launch tube with a given cross-section area leads to a minimally required

D =1 .9 x 1O
5 
N/m (Diagram I).

min



All curves below Du do not fullfill the thrust requirement. The projection of the

q limiting points of tie curves I to 5 into Diagram II cuts off all IS curve pieces with

insufficient thrust -dotted lines). In this case here the ramjet-like curve 5 gives the

best values in Is wi'h sufficient DF . Projecting the limiting points into the temperature

diagrams IT! and IV onnects the 1s and D F crves with the related combustion temperatures.

A chosen temperature limitation in the secondary combustor (ramiet) of 1000 K cuts off

most of the solid li es in Diagram III. Only curve 1 (stoichiometric rocket gasgenerator)

and curve 3 are left A further temo perature ismitation of 2200 K an the primary combustor

(rocket gas generato -' finally leaves only curvo 3 in Diaqr Iv with an a</f = 2.47 ratio 't4--t

fullfills all requirL ants. A ratio of a/f=28 leads to an optimal Is value. This gives

a relatively well def ned set of prelLinary design values for that engine. Yet in

practice one would in,:rease the limiting temperature in this case here in the secondary

conbustor to 1100 K i: order to make use of the twofold I of curve I (ramjet-like syst)

compared to curve 3 (-ucted rocket). This requirement is an additional result of that

graphical short analy;is.

4. BEFAVIOUR OF A RAJ-T AT DIFFERENT FLIGHT SITUATIONS

Similar to the case of the chapter before a pure ramjet engine shall be designed for

several different fEight situations and for a pregiven minimal Thrust Density D.tmain.

Considering four fl.ght situations (altitude 0 k-m - Ma 1.9, alt. 3 km - Ma 1.8,

alt. 6 k - Ma 1.7, alt. 10 km - Ma 1.6) there is a typical behaviour of D_ a..nd I .-ne

on-C-sign behaviout is plotted in Pau. 6 a 7 with the according minimum thrust require-
i ments.-

The curves of the Specific Impulse for the four situations are overlapping. Only at

hioh excess air the curves are spreading, where two opposite trends exist: higher altitude

increases the Specific impulse values, but lower Mach n-mbers decrease them. So with the

given high Mach numbers at low altitudes no specific trend of the Specific Impulse values

can be predicted. In addition at high excess air a zaximum of the curve may exist. Yet

the Specific impulse at lower excess air, where the thrust requirements are fulifilled,

is much lower.

As in the chapter oefore the basic design consideration has been made in the diagram
for DF (Fig. 6) rather than in the diagram for Is (Fig. 7). High flight Mach numbers and

low altitudes increase the DF values. In addition to these flight situations excess air

leads to a rapid increase of D. Flight situations with lower thrust values need much

more fuel for the same increase of D,. At the D, line the flight siuation with the
'min

highest altitude and the lowest Mach namber requires stoichiometric combustion. At higher

altitude and lower Mach numbers the DF requirements cannot be satisfied at all.
min

S. VARIATION OF SOME ENGINE PARAMETERS AT CONSTANT FLIGHT SITUATION

The examples discussed before of possible ramjet and ramrocket resp. ducted rocket

designs show tnat the behaviour of the Specific Impulse and of the Thrust Density cannot

be predicted by experience. This is due to the coupling of all effective parameters like

pressure and mixture ratio in the primary rocket gas generator, cross-section area ratio

and mixture rati in the secondary ranjet combustor. Thus, decreasing D, values are not

coupled with increasing is values and vice versa. Generally, ramrocket rosp. ducted

rocket propulsion does not necessarily deliver higher DF and lower I values than pure

ramjet propulsion. For a flight situation like Mach=0.8 at sea level the four parameters

just mentioned have been varied.

A =



- Pressure in the rocket gas generator. This parameter has only a small influence

on is and D. An increase of the pressure increases I. and D, slightly. The

gradient is less at higher pressure. But, at this subsonic flight situation, a

high pressure is essential for supersonic nozzle exhaust. The pure ramjet of

course cannot run with !%;prsonic exhaust at this subsonic flight situation.

- Mixture ratio in the rocket gas generator. increasing mixture ratio decreases

DFl slightly. I has a flat max,um at ecuivalence ratio=2. This relations are

shown in Fig. 8 for fixed values of the other parameters. The =axim.u Is occurs

lecause of the optimum share at this case of chemical energy and kinetic energy

from the rocket gas generator. The ramjet combustlon chamber cross-section atea

ratio is f.=4 and air/fuel ratio is a/f=1.

- Crcss-section area ratio of the ramjet combustion cha.ber f,. A s=all value of f,

permits only little energy supply, e.g. values uf f, = are only aoplicahbe for

those ramrocket (ducted rocket) propulsion systems with only little secondary

co.bustion. On the other hand higher values of f- are only applicable with

sufficient energy sunlv. In all considered variations of the parameters there is

a =aximum for I and D, at f=4.
5 r

- Air/fuel mixture rat!: aL the ra m et combustor, shown in Fig. 9 and 10. For Pure

ramjets an increase of the air/fuel mixture tat-o increases Is . Under certain

circmstances a maximum of is can occur. DF decreases slightly. For ramrocket

(ducted rocket) proulsion systems an increase of the air/fuel mixture ratio

increases I-s. These values start at a higher level than the value of the pure

ramjet, but are q4ite lower rt higher air/fuel mixture ratios. The values for D,

are rather high at low air/fuel mixture ratios. They decrease rapidly with

increasing aIr/fuel mixture rLtlos down to the lower leve! of the pure ra=iet.

An additional variation of altItude and flight Mach n'ber can considerably change these

interactions. Also it can be seen, that even at this extreme low flight situation at

Ma=O.8 for the use of a ramjet propulsion system, there are cases at which the operation

of a pure ram-jet can lead to better 1 s and D. values than competitive ra-rockets. However

supersonic exhaust at subsonic flight can generally not oe obtained witn the pure ram-jet,

but partly with the ra:.rocket.

6. OFF-DESIGN BEWAvIOUR

First I and D_ at on-design conditions and variable altitude are shown in Fi'. The

relations are similar to those discussed in chapter 4 and shown in Fig. 6 and 7. Howeve-r

the flioht Mach number is constant here. The parameter is the aIr/fuel mixture ratio. As

can be expectcd the 1s values are higher and the D_ values are lower for the higher air/

fuel mixture ratios. Therefore the maximum is values might not he useful .,ecause of the

related low D_ values. The gradient of the D, values is ext -me at low air/fuel mixture
ratios. At lcw ar/fuel mixture ratios the Is values are nearly constant. Fig. 11 shows

purelv on-design-values for Is and D_. whrch generally decrease at off-desln condition.

The choice of the design-point has to consider this. Next Fig. i2 and 13 show the off-

design behaviour for at two different design points with an individual interral geometry

each:

- Design point at sea level , Ilch. Mach number Man3, Mach number at the comtUstion

chamber entrance =0.207, cross-section area ratio of the combustion chamber is

f'=.1544 and cross-section area ratio of throat/combustion chamber exit f?=O.8.

The relatively high flIght Mach number of 3 for the design point leads to sufficient

values at lower off-desi g
n Mach numbers. The lower fuel supply in this case also

lowers D The Ts values even run through a maximum at about Mach=Z. At the left
end of the curve, the values for TS and D, might still be applicable.

- Design point at sea leve-, flight Mach number Ma=2, Mach number at the combustionl ° I



/ !

chamber entrance = 0.415, cross-section area ratio of the co.mbusti-n chamber f,=i, and

cross-section area ratio of throat/combustion rhamber exic f3=0.8. The low on-design

Mach number of 2 lowers the fuel supply, Is and DF rapidly at off-dei ten condittons, No

maxi"um exists for I s . V, is at an cxtrme low Iml±. The possible fuel supply is mucn less

than in the first case. A des.gn point at the disadvantageous low flight Mach n-uber of

Ma=2 leads to a corresponding disadvantageous internal geometry which limits the fuel

supply at lower off-design Mach numbers. Not discussed here are cases in which the off-

design Mach n'hmbers are higher than the on-design Mach number- These cases are presently

under investigation and will be presented later. The results can be expected to be

similar to these of chapter 2 where a fixed geometry with variable mixture-ratios and

flight Mach n' ")ers have been investigated.

7. CONCLUSION

Ramjet propulsion syst(es cannot be discussed with respect to their Specific

I=pulse only. Thrust per unit cross-section i. an equally important qualification

quantity which has an adverse slope with respect to mixture ratio. A further decree of

freedom for desIgn develops out of the integration of a rocket gas generator (ducted

rocket). All internal design parameters (mixture ratios, geometries, pressures, tempera-

ture limitations) have to be thoroughfully weighted against each other- A variation of

all i=pottant design parameters allow optimal use of the engine's capability. Prefixed

parameters can restrict the performance drastically.
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DISCUSSION

R.Marguet
Quel est le donjaine d'utilisation pour lea cycles que vous envisagez?

Author'iRenly
Thie applications arc mainly for target drones and low altitude, high Mach number ramiets.
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VALIELESS PULSEJETS AND ALLIED DEVICES- FOP LOW THRUST, SUBSONIC; PROPULSION APPLICATIONS

J.A.C. Kentfield Professor
Department of Mechanical Engineering

The University of Calgary, Calgary, Alberta
Canada
T2N 1N4

SUMMARY

A review ia Presented of predicted flight performances, based on well establishedstatic test-stand data, of ourrent technology valveless pulsejets and comparisons are madewith alternative forms of propalsion suitable for small, subsonic, vehicles. It is shownthat valveless poeJ eta- have some performance advantages over other forms of propulsionfor short-range missions requiring low thrust levels of less than about 600 Newtons (= 130lbf), The advantages of valveless pulsejets In terms of simplicity when compared withother propulsion systems are also shown to be substantial.
Possible ways of improving pulseJet performance are discussed. The systems cobsideredinvolve means for obtaining I-mproved Precombustion charge compression using twin alternate-ly-firing pulsed combustors and rre sophisticated units incorporating dynamic pressure.

-exchangers.

1. INTRODUCTION

Whilst the writer is of the opinion that the best and most generally uz: ul applica-tion, in the field of flight pronulsion, for valveless pulsed combustors lies in pressure-gain combustion system: for otherwise conventirnal gas turbine engines, there appears tcbe a potential for rather restrictive, and selective, applications in which pulsed combus-tops, or more specifically pulse 2ts, are used in their traditional role as thrust produc-ers. The prime motivation for incorporat ng a pressure-gain combustor in a gas turbine 15to generate an increase of stagnatin pressure, across che combustion system, in additionto providing the temperature rise asseciated with the conventional steady flow combustorfor which the pressure-gain combustor is substituted. it appears that Reynst was thefirst to suggest this applicallor of valveless pulsed combustors (1). Recent wurk (2,3)has shown that a 6% stagnation pressure rise can be achieved at a stagnation temperat-u-eratio of 2.5:1, under laboratory conditions, using a small [2.875 in (73 nun) combustlonzone Internil diameter] valveless pulsed combustor. Thero is a promise of greater pressuregains from larger units.
The use of a pulsejet as a thr-st producer is in some respects a type of applIcationwhich is easier to implement than a gas turbine pressure-gain combustor because the pulse-Jet does not have to be integruted with turbo-machinery. However, the desirability or'otherwise of pulsejets as a propdlsion device clearly depends upon their performancecharacteristics compared with those of alternative propulsion systems. The general pro-portions of a highly rated valveless pulseJet developed by the French company SNECMA andfurther improved by Lockwood (4) are shown in Fi5 . 1 (a). The device consists of a shortinlet duct leading Into a short, enlarged diameter, combustion zone connected at its farend to a long divergent tailpipe. A shorter rultiple inlet version developed under thewriter's direction appears in Fig- r (b). The essential philosophy of the multiple inletconcept Is to reduce, in approximate proportion to the reduction of length, the timerequired for the ming of air, fuel and residual products of combustion. This is accom-plished by reducing the representatve path length, proportional to the inlet diameter,which particles of air, fuel and residual products must traverse during the mixing process.This concept Is described in more detail elsewhere (3,5).

An inherent problem when working with nulsed combustors, is that of predicting, andconsequently obtaining a detailed understanding of, the non-steady flow events occurringinternally. For highly rated puisejets potentially suitable for propulsion appllcation Itis virtually essential to use a -metho4-of-characteristics type theoretical treatment.Hoever application of the e-.eh to .ulseJets presents a number of problems associated,primarily, with the diffic..y of modlllng the combustion process in a satisfactory manner.
The peformance prediction technique and other aspects of pulsejet design, operationand performance will now be considered.

2. THEORETICAL TREATMENT

The method-ofcharacterstics involves, in effect, soving simultaneously the equationsfor continuity, energy and -cmentu= in a time dependent flow field. The appropriate dlf-ferential equations are of the hyperbolic type. Details of the procedure can be found inmany texts on compressible fluid flcw.
The earliest solution obtained at The University of Calgary, due to Narzouk (6), wasthe result of a --nua1 calcuaatio o a cold- flow simulation of a very simple configura-p tion featuring an inlet and outlet of uniform cross-sectional area. The solution, in the

A
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form of a wave diagram, was used to check a computerized representation of the cold flow
model. The numerical technique employed for handling the forward (time) stepping procedure
waOs;,hwas known as the Hartree backward difference technique. A description of the cold
flow model, including the boundary conditions used, has been given by Marzouk (6).

The next step, in order to advance beyond a cold-flow model, was to model the combus-
tion process Itself and combine such a model with a hot-flow method-of-characteristics
representatlon of the tailpipe and inlet flows. Attempts were made to represent the com-
bustion process using various overall reaction rate type models but these did not yield
realistic rates of pressure rise corresponding to those measured experimentally. Accord-
Ingly, it was finally d6ided to represent the combustion process by an empirioal heat-
release rate model the heat-release rate varying during the combustion process. A usable
model of this type was derived by M. Rehman (7) and later incorporated In a hot-flow type
method-of-characteristics computer programme by Cronjo (8). In Cronje's model the heat
released during the entire combustion process was made proportional to the mass of air
Inhaled Into the combustion zone during the introduction process. A typical result, due
to Cronje, for a configuration with a tapered inlet and tailpipe is shown in Fig. 2. The
pressure-time trace of Fig. 2 agrees very closely both in magnitude and duration with
experimentally obtained traces.

it can be said that further wc(rk is needed in order to model, correctly, the combus-
tion process. A successful and generally applicable model of the combustion process
should, ideally, then permit valveless pulsed combustors to be designed, and their geometry
optimized, by use of numerical procedures only. Ievertheless, at this stage it appears,
on the basis f Cronje'a theoretical work (8), that the SNECMA/lookwood configuration Js
an optimum one as attempts to evolve a configuration having a superior performance, by
modifying the parameters defining the geometry of the numerical model were unsuccessful(6,8).

From the plot, on Fig. 2, of dimensionless velocity (local gas velocity divided by
the acoustic velocity at ambient conditions) for the inlet flow it is apparent that a
substantial backflow occurs, as indicated by the negative value of U, from the open end
of the inlet. This, of course, gives rise to a transient reverse thrust unless this back-
flow is rectified, or redirected in a rearwards direction.

3. FLOW RECTIFICATION

There are at least three possible ways of handling the backflow from the inlet of a
valveless pulsed combustor. One possibility is to use an Intake flow passage offering a
high resistance to backflow but a low resistance to Inflow. Devices of this type, usually
known as fluidic diodes, have the disadvantae of introducing strong irreverslbillties
into the flow system. Another, more attractive, possibility is to employ a rearward facing,
inlet (or 1,'lets). On the basis of flow visualisation evidence (2,9) this concept can
result in poor mixing in the combustion zone when the inlets are attached to the same
end wall of the combustion zone as the ;ailpipe. When this latte r probler is avoided a
very good performance can be obtained as evidenced by the SNECP.A Ecrevisso (Crayfish)
pulsejet unit although induction problems can arise if a suitable engine cowling is not
used (10).

The third solution is to employ a flow rectifier, a "heavy current" flutdic device,
which redirects rearwards backflow 'rom a forward facing inlet whilst offering minimum *
interference to inflow. Two types of rectifier are shown; one is illustrated in Pig. 3,
the other in Fig. 4. The earlier device, knodn as an auxiliary passagu flow rect-fier,
shown in Fig. 3, relied *ipon a combination of Coanda effect and a Sao curtain to deflect
backflow (indicated by the arrows in the upper portion of Fig. 3) inco a return bend.
During induction flow passes more or less directly into the pulsed comLustor (or pulseJ-t)
intake as indicated in the lower portion of Fig. 3. The concept works, so far as can be
established, perfectly in the sense that there Is no backflow from the air irle . Simpl-
fied single outlet asymmetric versions of this device were also develped which were
equally effective in inhibiting backflow from the air inlet.

Unfortunately the presence of a rectifier of the auxiliary p=asage type tErves to
reduce substantially the thrust producing performan.e of highly rated pulsed sombustorSl
to which it is fitted. It appears that this problem is due to the itimate aoupling,
within the rectifier, of t"e inflow and outflow pa ;ages. 4

Figure 4 shows the most successful of the rectifier concepts tried. This is, in
essence, a venturi type non-steady flow thrust augmente' of the kind pioneered by SN9CMA
and Lockwood (11) but bent around into a U shape so that tha backflow entrrins tiir from
the inlet into the convergent-divergent return bend (12,1J. The virtues of th~s arrange-
ment are that the return bend portion of the devtce is uncoupled f-om the pulsec 6on.bustor
inlet and the additional air entrained actually results I a small thrust augmeration "
the thrust increase more than offsets the losses due to turning the 'low 4nrough I10*."
As with the earlier device there was no detectable backflow from th: inlP1 ports -

i igure 5 shows the performances obtained by regulating the fuel inflow rate of a Z -
propane fuelled 2.875 In (73 mm) diameter SNECYA/Lockwo-cd type 1.ulsejet tested statically
with two vezsions, an early and also a more advanced form, of the auxiliary passage flow
reitifier shown in Fig. 3. Figure 5 caso shows results obtaineJ with the thrust augmenting
type rectifier of Fig. 4. The resu. for the "no rectifier" case was achieved by simply
adding the opposing thrusts, as measured using thrust plates, due to the tailpipe flow and --- -
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zadkflow from the inlet. It should be noted that all the results shown In Fig. 5 were
obeined at a test size located 3600 ft (1096 is) above sea level; the test results were
not corrected to compensate for altitude.

4. FUF_1 SYS-iEs Alm AU XILIARIES
Gaseous or liquid fuels are usuaIly Ejected, under pressure, 15to either the inlet

duct or the combustion zone of pusejeti from either a single In.jector or a series of
A system-of this type Implies that either a pressure-pump is available or a~ressurised fuel tank is employed. T1h0 letter arrangement has obvious advantages from

t he viewpoint of simplicity. The only other auxiliary equipment needed is an fgnition

system and an air Jet to initiate flow throih the combustor. Since both the Ignition
systefa and the air jet are used only at start-up they do not have, to be carried in the
flight -'ehicle.

-Figure 6 chows a relatively sophisticated alterabtive fuel system, suitable for
gasoline or kerosene type fuels, featuring a carburetor and nence not requiring a pres-
sutibet fuel tank. The system shown was actually designed for a hig h. intensity hand
helId space-heater (14). The foel iS pumped from the tank to the carburetor by means of a
pressure'-pulse actuated diaphragm pump. The pressure pulses are derived from the puiseJet
itself- The remaining Items are not required once the engine has started and do not,
theafoKre, have to be carried onboard the flight vehicle. A developed version of thimi
system illustrated In Fig. 6 has now been opasatonal for severa years in connection
with the space-heater application. The pulseJet unit of the srace-heater is of the single
Inlet SNECMiA/Lokwood type and has a combustion zone dIameter of 3" (76 mm).

5. INF_ L1n-Z CF PULSVET SIZE ON SPECIFIC PERFORMANCE

During the course of the woa reported here the vr!ter became increasingly concerned
about possible influences of unl- size cr scale (I). -ox.ally, In order to avoid fuel
handling and storage problems and also pr-hlems due to therzr-lly nverloadin-z the laooratory
envirorenral-o:trul sys'e- experiments rare praferentl!_y restricted Sc rnxmum thermal
outputs in the region of 500 x 103 Btu/- 1z 150 kk). Output-s of tiCs magnitude are achIevrd
quite easily with hf hly rated valveless pulsejeta of about 3 in -~ 6- m d4aeer c
cordlngly, a special study was carried out to es tablish the influences o =ale on the
speific pPurformance of val;tes pulseyets. Tre result_ of this study have been re-oted
-n full by A. Rehman (16).

The essential 1iindings of the work dlrecte6 at establishIng the infl-ence of sIzi oin
the perfor mance of plseje1 are displayed I,. Figs. 7 And- 8. bigure 7 shown plits of
apecifo thrust vetfsus combustion zone diameter for three types of vaiesless puisalt.
The upper curve relates t-. unlts or the FNECU4ockwooa type unIng peioane flel or gasoline
fuel s-pplied under preezure- The intermedlate curve is 'or S'__CMAVLockwccd tr'e pulseJAts
equippe. with a :arburctor in tre ir'.?et tract and fuel-1-- by cS) -_ne- Thu 1s-est curve
ipplies to propane or butane fue-led pulsejets nanufsetured by the The.mio-Jet company.

-The Inf-Oeatio- relating tc these units %i oheilned from 'Ah lterasure (, Information
corres.onding to that of FIg. 7 but reain, to the -pectfia f-uel cznsumptin of the unite,
is displayed 1n Fig. 3. The zuiefic iviimatioy f FIgs- 7 and 8 Is that the speolfic
perforance of most highly rat= valveIs pa r!e ea arrears to irzreane with inereaslng
combustion zete diameter. in f cs e- a rlcai iamtonship which zerves to correlate ste
thrust performance smpearz In P.ig 7; 8 of Thac relativnship 15 the =aximg2= specific tnrust.
More detaillEd conelflratlon of the reasone for the ooaerved behvtouAr Indloate that the
basic feacura th t thcn relative se!5nificance ef frIction losses de-errases with increas"
i-4 Reynold, numLer. Less imortatly, -he relative sign! arance of :es loss decr-aces
with inereasinv c=-bustor sizs. :'ence, large valvelers vu-seJe:s ten- to have betterI specific performa.ces than small ores. The whole matter 16 discussed in much or--r detail
elsewi.ere (3,16).

6. FAPF0flRNNE EXPECYAT10.ISS

BasedA 'eta displayed In Figs. 7 and 8 augmented by adaltional Inform tion zttained
f6a desg - e S, the characteristics ar e nre,;ened in Table i of a family of single
Inlet SNEI? -Ad type -lsejets equipped WI-th flow rectIf=ers of the kind !hown In
Fig. .o T zure a-- location of the shroud duct referred to In Table 1 ire Illustrated
in Pig. 9.

o-be 2 resents co:' espondlng. Inforation to that of Table 3 but for shor-ler four-
Inlet type puiseJets. It is notewcrthy that She a pGifto weigh, of the four-inlet type
actuVly exced hat of The single inlet vailety due to the lower specIfic thrust obtain.-

j bl. tis probable that more than four Inlets will be opt'Ia for units larger than 3
In (7h mm) combustion zone diameter. Experi.-enL.. shows that a1 Inlets Is the maxim-um prac-
tical number for the 3 'n (76 P-en) dlaA-ser rachIne. Hypothestsang with the number of in-
lets results !n the information presented In Table 3. The latter table should be inter-

j p -td as cbpjctre so aahtt guided by experilment.

- The thrust-to-weIght ratio quoted in the three tables are ra conservatIve
- and are representative of values which should be achievable with falrx:' long life units

which may, foe example, be suitable for, say, recoverable, and reusable, target droes.
For some applications the great length of the single inlet concep- rm7 actuall, be sdv&n-- -
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TABLE I
SINGLE-INLT TYPE PSEJETS

DIMENSIONS THRUST: WEI3HT
MAX. S.F.C. AT RATIO (ESTIMATiD) MAX THRUST MAX THRUST

OMBUSTOR OVERALL SLS. MAX R /DL
INT. DIA D LENGTH L THRUST THRUST S.F.C.

In bf bM/bfh i bm/ibfh ITnoH NO lbf/inb /tinSHROUD SHROUD IfI Iff

(m) (mm) (N) (kg/N.h) (kg/N.h) DUCT DUCT (kn/lc
2
) (NM)

3 54.5 14.i 2.6 2.6 2.6 4.0 2.01 3.13

(76) (1385) (63) (0.265) (0.265) (13.82) (45.8)

6 109.0 82.0 2.1 2.1 3.6 5.7 2.91 9.03
(152) (2760) (364) (0.24) (0.214) (20.02) (132.5)

9 163.5 219.0 1 8 1.8 3.4 5.4 3.44 16.07
(228) (4140) (970) (0 84 (0.184) (23.70) (235.0)

TAB
- 

2

?"U -Z E PULSEJET CONFIGURATIONS

DINeNSIONS I THRUST: WEIGHT
MAX. S.F.C. AT RATIO (ESTIMATED) MAX THRUST MAX THRUS!;ORB OR AL S.L.F. VAX MIN. n , i /

rt±. DIA D LENGTH L THWRST THRUST S.F.C.
in j  {n b b/if ibib SHODT SuNO -IbiIn2 ibf/ft
in I lb./fh 1lb fib H RHOU fb/(M) (u) [(N) (,g/,.h) (kg/N.h) DUCT .UCT (knimr) (N/m)

3 112.0 9.5 2.2 1.8 2.0 2.8 1.3h 2.71
(76) (1062) (42.3) (0.217) (0.184) (9.23) (39 9)

6 84.0 ov.- 2.0 1.6 3.4 4.9 2.41 9.71
(152) (2130) (303) (0.204) (0.163) (16.60) (142.3)

9 126.0 171.0 1.7 i.4 3.1 4.4 2.69 16.29
(228) (3200) 1(760) (0.174) (0.143) (18.55) (239.0)

TABELS 3

MULTIPLE-INLET PULSEJET CONFIGURATIONS

DIMENSONS I THRUST: WEIGHTjMAX. S.F.C. AT RATIO (ESTIMATED) MAX THRUST MAX THRUS
OMBUSTOR OVERALL S.L.S. MAX NMi. - /TI
INT. DIA D ILENGTH THRUST THRUST S.'F.
& NO. OF f
INLETSO WITH NO lbf/in
in NO. OF in l mb SHROUD SHROUD

(mr) INLETS (r) (N) (kgiN'ii) (k9/N.h) DUCT DUCT (kn/m
2
) (lm)

3 4 42.0 9.5 2.2 1.8 2.0 2.8 1.34 .71(76) (1062) (42-3) (0.217) (0-184) (9.23) 1(39.9)

6 6 68.6 68.o0 2.0 1!.6 4.8 6.6 2.41 . 9
(152) (1740) (303) (0.204) (0.163) (16.60) (17-.)

9 8 89.1 171.0 1.7 1.4 t.9 6.4 2.69 23.0'
(.228) (2260) (760) (0.174) (0.143) (18.55) (328.0)

tageous if, for example, the pulsejet tailpipe 13 also used as a tail support structure In-
a very simple vehicle. The shroud duet should be useful in minimlsing side view radia--on
from the hot section of the engine. it may also be possible to achieve a useful Jeasure
of ramjet assistance, and drag reduction, under flight conditions.
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7. COMPARISON WITH ALTERNATIVE PROPULSION PLANT

The single-inlet pulsejets of Table 1 have been compared with conventional gas-turbine
turbojet and turbofan units. Data for the gas turbines were obtained from the literature
(18). Turbojets and turbofans intended purely for lift purposes were omitted from the com-
parison although derivatives of these types intended for a thrust boosting function were
included.

Figure 10 presents plots of thrust per unit frontal area versus sea level (static)
thrust for static engine operation. It can be seen from this figure that pulsejets are
only competitive for very low thrusts which are generally applicable to unmanned vehicles
such as drones of various types. The corresponding specific fuel consumption relationship
under static conditions is presented in Fig. 11. Here p'"!sejets are not really competitive
although it will later be shown that forward flight can result in a significant reduction
in the specific fuel consumption of carefully installed pulsejets. Nevertheless, the im-
plication of Fig. 11, other considerations aside, is that if a pulsejet is selected pre-
ferentially it is only likely to be an acceptable unit for short range missions.

Figure 12 shows that the uninstalled thrust-to-weight ratio of valveless pulsejets
appears to be quite competitive at very low thrust levels. It may be possible, with a
more sophisticated, but probably more expensive, design approach than that selected by the
writer to move the maxima of curves 2 and 3 further to the right.

An important characteristic of valveless pulsejets which is not apparent from any of
three previous curves is simplicity and, as a consequence of this a potentially high re-
liability. Whilst highly rated valved pulsejets have earned a reputation for unreliability,
due primarily to short flapper valve life, valveless pulsejets appear, on the basis of
fairly extensive running experience, to be inherently reliable since, provided a pressur-
ised fuel supply is used, there are no moving parts operating at engine frequency.

8. INFLUENCE OF FLIGHT MACH NUMBER

The influence of the flight Mach number on the performance of a pulsejet appears to
depend very strongly on engine characteristics and the nature of the Installation. Figure
13 shows the influence of flight Mach number on the net thrust and specific fuel consump-
tion of a basic valveless pulsejet intended primarily for educational purposes. The unit,
which is equipped with an auxiliary passage flow rectifier (Fig. 3) is "streamlined" only
in the vicinity of the flow rectifier. The installation is thus of the simplest kind.
Furthermore the engine, which is of 6 in (152 mm) combustion zone diamete*, has a static
thrust rating of .nly approximately 10% of that of thL highly rated unit of equal diameter
listed in Table 1. Hence it would be axpected that the educational pulsejet would be
relatively sensitive to drag and other influences of the free stream. The solid lines in
Pig. 13 show the performance as measured under simulated flight conditions. The dotted
curves were obtained as a result of attempting to correct for external drag and hence
establish the true engine performance. The relatively significant increase in net thrust
with flight speed is thought to be due to improved breathing due to forward speed. It seems
reasonable to expect this effect to be less significant for more highly rated valveless
pulsejets installed in such a simple way. The performance peak, apparent in Fig. 13, would,
presumably, also occur at a higher subsonic Mach number with a more highly rated unit.

If Fig. 13 Is regarded as one extreme featuring a very modestly rated unit installed
in a very elementary way, Fig. 14 can be thought of as at the opposite end of the spectrum.
These data, due to SNECMA (l0),.are for simulated flight up to a Mach number ot 0.8 obtained
with a very carefully packaged Ecrevisse unit. A unit of this type was subsequently flown,
in a drone type aircraft powered only by the pulsejet, at a Mach number of 0.85. The
reasons for the large gains in performance at high subsonic Mach numbers apparent in Fig.
13 are presumably due to a combination of improved breathing, increased intake density, a
bonus due to a subsonic ramjet effect superimposed on the pulsejet cycle. It is wqrth
noting that the gains in performance presented in Pig. l4 are such as to make the Ecrevisse
valveless pulsejet highly competitive, from a performance viewpoint, with many turbojets
at high subsonic Mach numbers.

When a valveless pulsejet is to be considered as an alternative to a piston engine
driving a conventional propeller for applications ln relatively low speed vehicles the low
weight but high fuel consumption of the pulsejet renders it competitive on a take-off weight
basis, only for short flights of about 20 - 30 minutes duration. The influence on perfor-
mance of altitude will not be considered here since this matter is 4andled relatively
easily by conventional analytical techniques.

9. POTENTIAl FOR PERFORMANCE IMPROVEMENT U - -

The writer, and other workers, have gathered fairly convincing, but somewhat clrcum-
stantlal evidence which shows that, at the condition of the maximum fuel flow extinction
point, highly rated valveless pulsejets appear to be operating with a mean fuel:air ratio
in the combustion zone of only about 50% of the stolchlometric value. If a way could be -
found to approach, more closely, a stoichlometric mixture strength a substantIal increase a
in thrust should be obtainable for a specified frontal area and structural welght.

Another means by which an improved performance should be attainable relates to in- 4K-

creasing the normally rather minimal pre-combustion charge compression. A possible approach -=.A -

- i1-
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is to employ two valveless pulsejets each arranged to supercharge the other mutually. Such
an arrangement is currently undergoing testing. Antiphase operation has been achieved
successfully, with an accompanying reduction of noise, however, mutual supercharge has not
yet been obtained. Figure 15 Is a diagrammatic illustration of the twin- 'opId 6nit to-
gether with a schematic of a simplified wave diagram showing the gas-dynamic principies
involved.

Proceeding to a yet higher degree of complexity it may, In some circumstances, be worth
advancing to a propulsion unit, also utillisng non-steady compresslble flow, based on the
dynamic pressure-exchanger concept. Here a cellular rotor, with open cnded passages, runs
between two closely mounted end plates as shown in Fig. 16 (a). By providing such a ma-
chine with suitably arranged inlet and outlet ducts a Jet propulsion type unit, with either
combustion within the cells or in an external combustor, can be contrived. if such a
machine were to be developed it would probably be of use only at low thrust levels below
the range of normal, reasonably efficient, turbo machines. A pressure-exchanger thrust
producer could almost certainly be arranged to h.ve a specific fuel consumption signifi-
cantly superior to that of a pulsejet. A low thrust per unit frontal area would prolvably
render pressure-exchanger Jet thrusters non-competitive with turbo-machinery for thrust
levels for which turbojets and turbofans are normally used. Figure 16 (b) shows, diagram-
matically, the construction of a typical pressure-exchanger. Further background material
on dynamic pressure-exchangers, explaining the principles involved, is available t19).

10. CONCLUSIONS

Enperimentally obtained static performances have been presented of representative
current technology valveless pulse~ets and the performances of these units have been com-
pared with those of alternative propulsors. it is concluded that current technology valve-
less pulsejets are best suited, in the subsonic regime, to applications where low initial
cost, simplicity and reliability are of dominant importance.

It is further concluded, from a performance viewpoint, that valveless pulsejets are
most competitive with conventional propulsion systems for applications up to (static)
thrust levels of about 130 lbf (= 600 N). The shorter the duration of the mission the
stronger becomes the case for selecting a valveless pulsejet in preference to an alterna-
tive air-breathing system. However, It should be remembered that other workers (SNECMA)
have succeeded in achieving a performance at high subsonic Mach numbers comparable with
that of many turbojets.
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DISCUSSION

U.SobersE
(a) Was the design n'odel computerized?

(b) Was the model used to design the unit that was flight tested?

Authoris Reply
(a) Yms the design model, which is bastd on the method-of-char-cteristics as.-pplied to one (space) dimensional

t ime dependent compressible flow, was computerized. Bricf details of the procedure, with mention of some
of the restrictionS, are givent in Section 2 of the printed paper.

(b) The flight vehicle referred to in the paper (Section 8) was not due to the author. It was. in fact, a French
prototype vehicle, using a valveless pulsejet. built sorme years ago by SNECINA. This work is dec=ibed briefly~
in Referenrce 10 of the paper.

R.M~fagUet ':.I Fre-nch)
What is the importance. from the viewpoint of military applications. of the acoustic characteristics of pulet
propulsion?

Author's Reply
The application uppermost from the feasibility iewpoint is that of the propulsion of sinrll. relatively low cost.
t;-zget drones etc. For such applications the noise problem is not likely to be regarded as serious. If the device were
to be used for active military purposes it may even be cuse-vable that the loud noise could be advantageous in
helping to frustrate. whilst overlying enemy positions. orl communications etc. Certainly any activity requirh-.;
stealth is not a profitable field of applications for pulse-jer powered -4ides.

It
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Postfach 9C 60 58
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SUMMARY

Several rafrocket missiles under development have a central co.busti-on-cha-ber and
more than one side-ounted intake - in general four. -he Juncrion of different inlet flows
in a common chamber causes, in certain cases, flow instabil-_ity and flow reversal in single
ducts. The flow mechanism will be explained by example:. A co--puter program has been
developcd which calculates the overall performance or the system from slngle-inlet data.
The results are compared with wind tunnel measurements. Methods for reducing the negative
effects of combining multiple intakes with a common cnaber are discussed.

SYMBOLS S"JES.PTr'S

A area free-stream condition
d diameter 2 exit station of single inlets
h diverter height 3 mixing station
M Pchnumber 4 nozzle --hroat station
& mass flow p Pitot conditicn
p pressure P-.S root-mean-square value
Re Reynolds number t total condition
x distance from body vertex
a angle of attack
6 boundary layer thickness
1 ratio of specific heats0 angle or roll (def. Fig.  2)

1. IffLWDUC':ON.
Modern air-aunched ramjet-powers-d issiles have n -nterated rocket-ra--et, for

exa=ple, the very advanced "low vol,me ranzet (ALhJ )'. -The booster, necessary to accelerale
the missile to the racket's mini-m operating speed, Is installed within the ramjet com-us-
tion chamber in form of a solid propellant grain. After burnout of the booster air for
ranjet operation is supplied through several (usually four) side-mounted inlets. iins
or the individual airrlows in the co-on chamber causes sudden changes in the performunce
of the inlets under certain ccnditions, especially -during flight =aneuverm. This may be
accompanied by choked flow, reversed flow, and if;et bu-zz. The interference effects of
cultiple-inlet systems have been studied in close connetion with ra=Jet missiles uner
development by MS.

2. IMES NTE FL.OVPZ.IEW 0? AN ICLINED- v?5$TT

To begin with, let us consier the flow conditions -to which svide-unted inlets are
subjected at angles or attack. The pitot-pressure distribution ar-s-nr an ogive-cylin;er-ody4
has been measured in the Mach number regime !.5 to 2-5. at angles of attack up to It,
and at different statir-s between % and 12 diameters behi th.e apex t(ef. . Figure 2
-hgws a selection of measured data at M = 2.0, for th-"e ar.ges of attack n>, n d
o ) and three Zong..-.-lma. psitions (6, 8 and 12 caitores. Zn the diaram lines of
constant pitot-presarez (related to free stream pitt-p-essu-e) h'ave jeen p wotzedd ha
spacing of ApzIp,, - 0-1 -eginning with 0.9 at the -7te # ' ic h'maueet ave
been made with apito-ake fix--= o the mo-del and th val- are therefore lower than
noxmal shock values at 'sd'"- C angles. Lncreasing the an e of attack increases the
boutndary layer thicc-ess rna e lee side of t e body =t41 a psir of vortices devel-a.
At higher angles of atack t-e vortices separate ftlm the boU and the for-mati -n of a
second pair of vortices -eEins- In the exa=ple, -he -x pressure drops as =ach as 600.
of the free-str-eam value. Another very important factor affe-ting inlet performan-ce is tme
flow angle relative to te inet axis. Measurements af the flow angularity with =-hoie
probes gave flow amg es in the -horimontal plane exceeding the angle of attack by 501. 1

?Z~ure 2 shows the pres-sure-recovery field of a haf-arisymanetric inlet at a length

station of xtd =9 for ---iou raol positions. Atte toj- position of the inlet ( 'R
the pressure recovery decreases, even at smal angle-s bf attack, by an a;=*%nt of aot1135 due to bounda-- layer thckeniM. This value remains neary cnst-ant at u!gh-r an-le

of attack because the vortices supply high er egy air to -te top region. Rotating -h- e inaet

into the immediate vortex area zaaez a steep decrease In pressu-re recovery7 to a ziri==of less than &1%. in 't example at a~ =200 At higher angles of attas-r the vro path S
navesabovethe nletr~ te pressu-re recovery nrae. Te.' ns-epsto

( 90)operates ina regi= o i-cress-d flow angle. is the ezample, '-scauses a



decrease in pressure recovery with angle of attack (25% for a 150). A two-dimens onal
/. inlet with top-mounted ramp (like the Tornado inlet) would have a fundamentally difrerent

o -performance in this position: its pressure recovery would increase, the amount depending
on the design. Finally, the inlet in bottom position has a pressure recovery nearly inde-
pendent of the angle of attack. The maximum mass flow of an inlet shows, in the various
roll positions, a dependence upon the angle of attack similar to the pressure recovery
curve.

3. COUPLING OF INLETS

How does a system perform in which several inlets are connected with each other over
a common combustion chamber? As long as the chamber pressure is so low that the inlet in
the most unfavourable position still works in a supercritical mode, no problems will
arise. This condition can - assuming a constant nozzle area - be practically achieved in
two ways:
- The engine is designed for optimum inlet operation - meaning near the critical point -

at cruise flight. In this case the fuel flow has to be reduced during flight maneuvers
(liquid fuel) in brder to maintain supercritical operation in all inlets. This, on the
other hand means a loss of power just at the moment of increased thrust demand. This
procedure is therefore only applicable for missiles with moderate maneuverability
requirements.

- In the majority of cases the engine is designed for the critical maneuver case, keeping,
in general, the fuel flow rate constant (solid fuel). Consequently, the inlets are over-
sized, resulting in increased external drag and higher supercritical normal-shock losses
at cruise flight.

These considerations have raised the demand to optimize the inlets for cruising, and
to allow subcritical operation during maneuvers. Initial wind tunnel tests with a 4-inlet
system (Figure 3) revealed abrupt changes in pressure recovery and mass flow ratio in the
subcritical regime even at zero angle of attack. In addition, a hysteresis was observed
when reopening the nozzle. Analysis showed that throttling below critical operation brought
only one inlet into the subcritical regime while the other three became more supercritical.
With a total mass flow rate of 65% the summation of the individual mass flows requires
reversed flow for the subcritical inlet with a rate of 35% of its supercritical mass flow.
The consequences of throttling this inlet system into subcritical operation can be summa-
rized as:
- Breakdown of mass flow by 30% results in loss of thrust and possible overheating of the
combustion chamber

- Breakdown of pressure recovery increases the internal drag, ausing loss of thrust.
- Reversed flow in one inlet causes steep increase in external drag.
- Buzz in the reversed-flow inlet transfers into the combustion chamber and possibly causes
flame-out or mechanical destruction because of alternating overload.

For the investigation of multiple-inlet systems in the supersonic 60-cm DFVLR wind
tunnel a model has been used (Figure D), which enabled separate measurements of mass flow
ratio and pressure recovery in the individual inlets by meane of a quartered and calibrated
Venturi-nozzle, and total measurements by a hydraulically actuated choked nozzle. Asymmetric
inlet operation has already been observed with supersonic fighter aircraft having a twin-
intake system and a single engine. This has been investigated by BEKE (Ref. 2) and MARTIN
(Ref. 3) and related to missile propulsion by JELL (Ref. 4). The conditions leading to
sudden changes in inlet performance are discussed with the help of Figure 5. Two assumptions
are made:
- parallel entry of the flows into the mixing chamber. This is realized in the wind tunnel
model,and

- constant static pressure in the entry plane. This assumption is so far realistic (Ref. 3)
but errors are to be expected for strong reversed flows in single inlets.

Mass flow ratio and pressure recovery are related by the following linear expressions:
%3 Pt3 A4  1 2(c~)M= 2(~ - P+_

~ ec~l I

3 P3 p3  f(M, M3) for static pressure

That means: Operacing points for constant nozzle areas are possible only on straight lines
through zero. If for example "b" is the critical operation point, a single inlet could
also operate subcritically at "c" or "d" with the same nozzle area. If the system is sup-
plied by two inlets, one operating supercritically and the other subcritically, then theIsystem operating point "c" is only possible with a combination of points "a"l and "le".
Accordingly, the following combination is obtained for a four-inlet system: three inlets
operate at point "a" and one at point "f". Theoretically, a solution with two inlets each
operating at "a" and "e" would be possible, but in pratice one inlet reaches the critical
point first-either because of fabrication tolerances or because of disturbances in the
entering flow. In this manner, the maximum slope of t'e subcritical branches of single I
inlets -n a multiple-inlet system is obtained. Exceeding this slope causes the described
unsteady performance.

These relatively simple relations were the basis for a FORTRAN-program (Ref. 5), which~calculates the system performance from the knowledge of the single-lnlet pex.formances.
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-- Two methods of solution have been investigated. In the first method, all possible combi-
nations of the single inlet operating points were calculated. Then the solutions were J-7
arranged in order of the nozzle area, non-possible combinations eliminated, and one se-
lected in case of several equivalent solutions. This method gave good results only for
simple cases. With an increased number of points, the computing time and the necessary
storage capacity became too large.

In the second method, the operating points are examined stepwise on all single-inlet
performance lines. CUly those soitions are allowed which give a steady decrease of the
nozzle area A4 when stepping through the regime from supercritical to subcritical opera-
tion, or a steady increase when going the other direction. The method will be explained
by an example with two inlets. The static performance lines of the two inlets (Figure 6)
are given by five points each (a.. .e, A.. .E) connected by straight lines. Four character-
istic operating regimes can be distinguished:
- one supercritical with constant mass flow,
- one subcritical with falling pressure recovery, the slope is different for both inlets,
- one subcritical with slightly increasing pressure recovery, and
- one region witnout mass flow, representing the reversed flow regime in this simple

example.
In the diagram showing the calculated performance of the system (Figure 7) the appro-
priate operating regions of the single inlets are marked, the first number denoting inlet I
and the second inlet II. Starting with both inlets in superuritical mode, inlet TI reaches
its critical point first at "b". Since the slope of its subcritical branch is flatter than
the limit, no unsteadiness is encountered and the inlet runs through regions 2, 3 and 4
while inlet I remains supercritical. After exceeding the critical point "B" of Inlet I,
the performance line falls continuously with inlet I operating along branch "2" and inlet II
along branch "4". Reaching point "d" inlet II switches to branch "2" and inlet I to branch
"4". This event is accompanied by irregular system performance and by a sudden change in
external drag and longitudinal moments. After that the system performs smoothly again. A
reopening of the nozzle causes no unsteadiness at this point and the performance follows
a different path, so causing a hysteresis. At the end of line "31", inlet II operates in
supercritical mode and inlet I at point "c". From here inlet I "jumps" into supercritical
operation raising pressure and mass flow of the system by 30%. Irregularity can be avoided
by increasing the Machnumber at station "2", because the slope of the subcritical branch
of the static performance line is reduced by this means. This method is, in general, not
practicable because of increased mixing losses.

A second example shows the attempt to calculate the case shown first (Figure 3). The
measured performances of the four single inlets have been simplified for the calculation
by straight line segments (Figure 8). The inlets showed consideraole differences in their
critical operating point which can be attributed to high fabrication tolerances. A common
feature of all inlets was the absence of stable subcritical operation. Prter exceeding the
critical point, the inlets ran into immediate buzz, and dropped in pressure recovery and
mass flow by almost 40%. With the available missile model the performance lines could only
be measured down to "zero" mass flow. The plotted reversed flow branch has been estimated
from different test runs with large-scale inlets. in reversed flow, below a certain flow
rate, the throat acts as a choked nozzle, and thus the operating points lie on a straight
line through "zero". The lowocritical pressure recoveries are produced by model-dependent
high subsonic losses (two 90 corners,Venturi nozzle,Carnot losses). Subcritical pressure
recoveries below normal shock values are possible during buzz, since the operating mode in
a buzz cycle varies between subcritical and highly supercritical operation with accordingly
large shock losses. The result of the calculation (Figure 9) is not in complete agreement
with the test results (Figure 3), but the tendencies are iufficiencly predicted. The saw-
tooth-like breaks at mass flow ratios 0.6 and 0.3 as well as the strong hysteresis between

= 0.6 and 1.0 are in good agreement. A closer analysis of the calculated data shows
that first inlet II and then inlet III exceed thc critical point and immediately go into
reversed flow, and thus initiate the abrupt changes in performance. Inlets I and IV remain
supercritical. This result agrees with the tests.

In the last example, the angle-of-attack performance of a 4-inlet system at Ma = 2.5
is investigated. The measured performances of a single inlet mounted on the side of a
missile in various roll positions is shown in Figure 10. The inlet station was 7 diameters
behind the body apex. The inlets were nearly free of buzz and had, in almost all cases, a
steady transition from supercritical to subcritical operation. Evidently the most problem-
aSic position is that under 45 roll. An acceptable performance is obtained only up to about
4 . At higher angles pressure recovery and mass flow exhibit a rapid decrease because of the
vortex influence. In te "x"-configuration two inlets in 45 -roll position are combined
with two inlets in 135 -roll position which show a moderate angle-of attack sensitivity
of less than 10%. A comparison between the computed (Figure 11) and the meaLua:d (Figure 12)
performance of the total system shows good agreement. There is a surprisingly large region
(shaded area) with at least one inlet with reversed flow. The c.lculation terminated here.
since no data with reversed flow were available for the single inlets. A comparison with
the single inlet performances shows clearly that the pressure recovery of the total system
is determinded by the "worst" inlet. To improve the performance of this system the entering
flow field had to be changed for the upper inlets. This would be possible by shifting the
inlet plane forward, by influencing the vortex position with strakes, or by positioning the 04
inlets between wings. In the "+"-configuration one inlet each in top and bottom position
are combined with two side intakes (Figure 18). The performance data of the top inlet varies
within a bandwidth of less than 10% up to 12 angle-of-attack, because the vortices by theirI rotation maintain a relatively good flow. The bottom inlet exhibits a considerable increase
in pressure recovery and mass flow ratio. The side inlets show a strong angle-of-attack
Sensitivity because of the increased local flow angularity, and they are therefore decisive
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for the system performance. The calculated (Figure 13) and measured (Figure 14 perfor-
mances are again in good agreement. In spite of the fact that there is reversed flow
(through the side intakes) below 50% flow rate, the performance decrease at angle-of-attack
is, however, considerably less than for the "x"-configuration. In addition the "+"-config-
uration has the potential for substantial improvements of the performance by use of inlets
less sensitive to flow anf~.lsrity.

4. MEANS FOR REDUCING THE COUMLING EFFECTS

It has been shown that the inlet flows in multiple inlet systems influence each other,
if the pressure level in the combustion chamber rise:, above the critical value of one inlet.
If the subcritical brgnch if this inlet exceeds a certain slope, abrupt changes in the total
performance will be encoL .tered. Essentially there are two reasons for a decreasing suburi -

ical branch of the performance carve;
- A multi-shock inlet with internal compression, possibly with isentropie compression fields,
and a weak terminal snook turns in subcritical operation into a condition with, in
general, one obliicue shock ana one strong terminal shock, with accordingly higher total
pressure losses. For missile application, simple inlets with low internal compression are
commonly used; in these cases inlet buzz is the predominant reason.

- Buzz is, in the majority of cases, initiated by a shock-induced boundary layer separation
on the ramp or centerbody, which starts a periodic oscillation of the terminal shock. This
so-called DAILEY-instability (Ref. 6) can be supprosed by boundary layer suction, as
demonstrated by HALL (Ref. 7), for example. Because of the thinner boundary layer,
axisymmetric inlets need less bleed flow than two-dimensional intakes. During subcritical
operation, the bleed flow increases rapidly behind the terminal shock, so that in axis-
symietric inlets the flow capacity of the piping going through the spike reaches its
limit very soon. Half-axisymmetric and two-dimensional inlets don't have this problem
because the bleed air is dumped directly outside.

Figure 15 shows the performance of a half-axisymmetric inlet at V = 2.5 with and without
bleed. The buzz-intensity (Ppms /pj ) is indicated by the vertical lines. Buzz could be
suppressed nearly co zero mass flow, and the subcritical pressure recovery drop could be
eliminated. The bleed rate was in the order of 1% to 2%. Stable flow is a prerequisite for
allowing subcritical operation of an inlet system, and this for two reasons: avoidance of
unsteady subcritical performance, and prevention of high alternating structural loads by
pressure oscillation. During subcritical operation the performance of the engine is det-
ermined by the inlet with the lowest performance. This can, evan for minor flight maneuvers,
result in considerable power losses. So , a system with inlets in "x"-configuration will
reach its operational limit at around 5 angle of attack (for x/d =8). An improvement of
the situation requires a deflexion of the vortex path. The situation with inlet3 in "'"-con-
figuration is essentially better since no inlet is supplied by low-energy air. The system
characteristic is primarily dependent upon the performance of the side mounted inlets under
high flow angles. Here, two-dimensional inlets with the ramp tangential to the body show
less sensitivity than axisymmetric types. However, these inlets can in bottom position,
have a rapidly increasing mass flow with angle of attack and thereby force the other inlets
into premature subcritical operation. The flow angle sensitivity of side-mounted half-
axisyasetric inlets could be drastically improved by turning the spike into the flow
direction (Figure 16). This was accomplished by a pneumatic selfcorrection system shown in
the figure. The static pressures from both sides of the spike are fed into a pneumatic
cylinder, which turns the movable part of the spike until pressure balance has been reached.

5. CONCLUDING REMARKS

Based on the results of this study, these conclusions zan be made:
- The calculation of the performance of a multiple-inlet system from single-inlet data is

in good agreement with measurements. Since the inlet in the most critical position governs
the system performance, only its data need to be known exactly.

- Gubcritical operation can be permitted to a certain extent when the inlets are free of
buzz, which can be obtained by boundary layer bleed. Rapid changes in external drag and
longitudinal moments must be taken into consideration.

- Inlet systems in "x"-configuration can operate properly only at small angles of attack
up to the point at which vortex flow enters the upper inlets.

- Systems with "+"-configuration of inlets have a much better performance and can operate
up to high angles of attack, if side intakes with low flow-angle sensitivity are used.

II
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DISCUSSION

E.Sttffker
What was the basic difference between the intake system demonstrated first with the generally negative pressurerecovery slope below the critical operation point into the subcritical region and the improved intake system?

Author's Reply
The intakes used in the first 4-inlet configuration (Figures 3 and 8) had no boundary layer bleed, whereas the intakeswith improved performance in the later example did have bleed. The effect of bleed upon the inlet performance is
shown in Figure 15.
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One-,-imensional Non Linear Considerations on Supersonic Diffuser Buzz /3-

Hermann-L. Weinreich
MBB Raumfahrt, Postfach 80 11 69, 8000 MUnchen 80

SUMMARY

This paper will deal with the fundamental aspects of supersonic intake buzz. A description of the basis

phenomenon characteristics and a delimitation to other unsteady propulsion processes will be presented.
A simplified intake propulsion stability analysis shows the possible influence of diffuser exit Mach number
on the stabi ' Iboundary in comparison to other well-known theories. Non linear examplc calculations using
smooth intakc !-essure recovery curves can illustrate some experimentally ubserved buzz characteristics.
The limits of ie theoretical approach will be discussed,and the tendencies will be compa:red with exper-
imental work.

LIST OF SYMBOLS

a speed of sound t.4tc time, period of organ pipe type oscillation,

A area eq. (3)

L length x axial distance

o mass flow ratio of specific heats

M Mach number p,i,'.jdimensionless perturbations of M,p,po, f~' and mi, eq. (4)
P'po pressure, total pressure 

9 density

q factor regarding operation of entropy 
. s it a

discontinuities, eq. (16) U,O slope of intake characteristic, eqs. (12,15,16)

M2T ratio of total to static temperature, eq.(5)

Subscripts

() no subscript indicatesmean values of the internal flow or geometry

()a) free stream condition

() perturbation due to -ntropy discontinuity. eqs. (7)

Olin result, valid only for small perturbations

()I,N,T in!ht; nozzle, nozzle exit; inlet throat

1. INTRODUCTION

The first experimnntal investigations on multi-shock intakes for supersonic ram propulsion were performed
by Ludwieg and Oswatit~chf 1 2. They used rotational intake models, where one or two oblique shocks were
generated upstream the terminal shock with the aid of a centre body. The terminal shock stands in front of
the intake cowl during subcritical operation. The capture mass flow therefore depends on Lhe back p.-essure
generated by the consumer (Fig. 1). During supercritical operation, the area of the swallowed stream tube
does not depend on back pressure; in this case, the terminal shock stands within the intake diffuser.

During the tests of the multi-shock intake modes, Oswatltsch found during supercritical operation an
increase of the total pressure p. exceeding the Pitot pressure with a closing throttle (Fig. 2). During
subcritical operation, a sudden unexpected pressure breakdow, in connection with a loud buzzing noise,
was detected [ 1 .7. In spite of steady incident flow, periodic movements of the shock system, and
associated pressure and mass flow pulsations, could be observed in nearly the entire subcritical regime
[ 1 .7. The phenomenon was called buzz, due to the characteristic noise.

2. REMARKS ON THE EXPERIMENTAL EVIDENCE

The following statements on intake buzz are based on published papers, which have been collected during
our own theoretical work on the problem [61, 637.

2.1 Presence of intake buzz

Even in the case of unJisturbed axial supersonic indicent flow, buzz has been observed during subcritlcao
operation in many ty, s of intakes:

o Pitot intake [ 3, 4, 5, 52 1
o external compression intake

- axisymmetric intake [ 1, 12 - 23, 28, 29, 32 - 34, 37 - 41, 46 - 48]
- half axisymmetric intake [59, quarter axisymmetric intake [ E2
- rectangular (two dimensional) intake [26, 27, 42 - 45, 53 - 3.., 57)7
- inverted rectangular intake [58); external ramp intake [51.7; scoop intake [8]

o mixed compression intake [ 24, 30, 50.7
o internal compression intake [ 6 M

The operation with the angle of attack, or with free stream distortions, may change the buzz boundaries.In this case, buzz could possibly already occur at subsonic incident flow conditions [ 51.7. An increasei
in stable subcritical operation range, or a damping of buzz pressure pulsations, can be caused by shortening R
the tube between intake and nozzle [ 14, 15 ., or by the use of a turbo engine instcad of a nozzle.
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2.2 Importance of intake buzz for airbreathing missile propulsion

/3 L In comparison to aircraft propulsion, buzz is more difficult to prevent than with missiles, because of the

following reasons:

more limited measuring techniques
in general, a fixeo intake geometry
greater limitations in engine regulations
normallygreater angles of incidence
destabilizing interference effects between consumer and several intakes

To prevent buzz, it is therefore necessary

o to choose a greater distance from the buzz boundary, however this havi.g the disadvantage of increased
supercritical total pressure losses, or

o to accept the additional propulsion, and development costs needed for buzz-free intokcs [59].

In addition, the consequences of intake buzzing are:

+ structural damage, due to peak-to-peak pressure pulsations of up to r than 0,5 p
+ varying aerodynamic loads on the missile
+ risk of compressor stall
+ flameout with ramjets using fuels not self-igniting

In most cases (especially for supersonic sea skimmers) the consequences are .,re severe, due to the higher

free stream total pressures.

3. FEATURES OF THE INTAKE BUZZ

Among the many observations conducted on the intake buzz, the descriptions given by Trimpi [ 14, 15 ],
Dailey [18] and Stewart [38, 39, 40 ] show the greatest accuracy.

3.1 Simplified description of a buzz cycle using experimental observations 15 ] and theoretical consider-
ations ( 61 - 63 .7

Start of cycle:,

The terminal shock, stnnding in front of the intake cowl, will be forced upstream by upstream running
compression waves. The associated mass flow reduction is propagated in form of a pressure lowering rare-
faction wave into the intake. The causes for the movement of the shock system, the decrease in massflow,
and the internal pressure breakdown may be as follows:

the entrance of a vortex sheet (with a different total pressure on both sides) emanating from the shock
intersection,under the cowl lip, called Ferri instability, was observed many times in connection with
buzz [ 13 - 15, 25, 39 - 44, 45 - 48, 60].

- a shock induced boundary layer separation on the compression surface, which was termed Dailex instabil-
ity, [ 14 - 20, 33 - 41, 46 - 48, 60 ].

- a local total pressure dip inside the free stream captui. tube, increasing relatively with throttle
ratio [ 51, 60].

- a certain declin. of intake total pressure, with increasing throttle ratio (several general stab'l:ty
theories give different limits for the corresponding slope of the intake characteristics) [ 2, 7, 6,
21, 22, 35, 61].

The upstream shock movement continues until either, for relatively short intakes, a new highly subcritical
quasisteady equilibriumstate (producing eventual backflow) will be Fced, or for longer intakes, the
shock will collide, during the upstream movement, with rarefaction waves returning TFrbii-The nozzle, and
generating a reduction in back pressure, in order that the shock can return into the intake.

The exhaust phase will be terminated even in the case of relatively short intakes, when the 3bove-mentioned
rarefaction wave, which starts the exhaust process, will return in the intake after reflection on the
consumer. Supercritical pressure rise in the backfilling phase:

Due to the reduced back pressure, the terminal shock returns and enters again the intake diffuser (super-
critical operation). The associated rise in mass flow propagates in form of a compression wave downstream
to the consumer. There the wave will be reflected back to the intake, whereupon the terminal shock will be
forced upstream. If the shock reaches now the instable position, a new buzz cycle will again be initiated.
In such a case, we have a period, which is longer than the first mode period of a one sided closed organ
pipe of equivalent length, only by the reaction time of the inlet and consumer.

In many cases, however,

- for slightly subcritical unstable throttling, or
- for a low level of Mach number in the tube between intake an- nozzle,

the intensity of the possible supercritical internal compression waves is limited.Therefore a staged
pressure rise and an elongated cycle period will result.

3.2 Definition of intake buzz, delimitation to other unsteady propulsion phenomena

Within the scope of this work, intake buzz snould denote only such subcritical supersonic intake pulsations,
where the period (longer than equivalent organ pipe period) is determined b6 the geometry of the conneted
consumer (M and throttle, ram combustor, turbo-engine). Only in one case has a dominating buzz pulsation
oTMhiFer organ pipe frequency been reported [ 12]. The total pressure amplitude during buzz can reach
up to more than half of free stream total pressure and depends on intake geometry, internal Mach number
level, and several other parameters.

;R} W



Three other unsteady propulsion phenomena which partly come up in connection with buzz will only be brieflymentioned.

a. Sometimes a weak pressure pulsation connected with small motions of the terminal shock can be observedduring subcritical phase of the buzz cycle [ 15, 18, 40]1, or before buzz is initiated [a4, 59]7.This phenomenon could be interpreted as an interaction jetween '.he befurrated part of the terminalshock and a local separation bubble [ 15.7, or as an interaction between terminal shock and extarnalsonic line.
b. Unsteady total pressure profiles at the intake exitplane are also observed for highly svprc :alintake operation. The unstable interaction of terminal shock and diffuser boundary layer app.. 75' bethe cause for the distortions.
c. During the cooperation between the supersonic intake and the turbo engine, it is also possible, tnatbuzz can provoke compressor stall [647, and compressor stall can cause buzz.
4. UNSOLVED PROBLEMS AND A POSSIBILITY OF A NEW THEORETICAL APPROACH
During earlier work [ 61, 637, fifteen different theoretical explanations and descriptions of intake buz.have been discussed. These can be divided into two main groups:,
o Theories which assume that the intake alone determines the stability behaviour:The theories presented by Ferri, Nucci [13 7 and Dailey [187 belong to this group. While the causesfor the subcriticai drop in efficiency presented in these papers have been confirmed Dy many otherinvestigations, the explanation, that an intake buzz cycle is initiated by choking of the intake throat,due to vortex sheet ingestion [ 13]7, or boundary layer separation [ 18), has not been readily accepted[15 - 18, 25, 61, 63].

Some other stability theories:
- are correct only in cases, where the shock system breaks down at the stability boundary withoutreaction by the throttle (Pearce [35 ], Trimpi [ 15.7),* seem to be oversimplified and not generally valid (Oswatitsch and Teipel [2], Hall [51,

Billig [65 J)- are valid oniy for special cases of Ferri instability (Fisher, Neale, Brooks [41])- remain unexplained (Beastall [ 49 ]).o Theories which assume that the stability behav'our is determined by interactions between intake andthrottle:
- For relatively short ntakes, the theory by Mirels [ 7 7 appears to be accurate.- The famous Helmholtz-Resonator theory worked out by Sterbentz, Eward and Davids [21, 22 7 neglectsthe existence of internal pressure waves and was therefore not accepted [ 15, 61 - 63.]). A similartheory was given by Fraiser [8].- The theory presented by Leynaert [ 36] could be useful in a case of a cooperation between a longslow acting intake and a short fast acting consumer.- The initial theory worked out by Stoolman [ 3. was later completed by Kowalewicz [ 5], Chang andHsu [9, 10]7, Endwards [ 11 ] and extended by Hagashima et al [ 12 ]. The primary critisism ofthis theory is concerning the connection between disturbances (4 ,aM) in the entrance area withthe velocity of the terminal shock movement [ 61, 63]1. According U [7, 61, 63], the disturb-ances depend primarily on the location of the 'arminal shock - the shock velocity can cause onlyadditional effects of the order (diameter / L).- The different theories given by Hermann ["24 ] and Fisher [ 42 ] exhibit experimental or theoretical

contradictions.

The study of the existing literature shows the following unsolved questions:
Q1 Is it possible to describe the different buzz phenomena (Ferri, Dailey, Buffet [39 - 41 7. instabilitydue to total pressure dip inside the capture stream tube) with the help of only one simplified global

theory?
Q2 Will buzz be caused by non-linear intake behaviour alone, or arrise from the growing of weak inter-actions between intake and consumer?
Thereforethe theoretical approach should have the following aims:o An attempt should be made to include the different observed phenomena within a unified theory, whichshould be physically correct at least for a theoretical limiting case.o Within the scope of question Q2, it should be examined to what extent the consumer has an influence on- the stability boundary, and

- the pulsation cycle.

5. FORMATION OF A SIMPLIFIED THEORETICAL MODEL
The experience shows that buzz begins when the intake mass flow is t-irottled below a certain stabilitylimit by the connected consumer, which can be a tube with throttle, a ram combustor,or a turbo engine.Using a turbo engine instead of a tube with throttle nozzle, an increased stability, due to additionaldamping, can result [28, 29, 50.7. A ram combustor can produce additional damping or excitation for theintake nozzle interaction, demending on fuel properties, combustor geometry, or combustion behaviour.

- Simplification 1:
The first step in the investigation of the intake consumer stability behaviour should therefore be limitedto interactions between irake and nozzle alone.
In spite of simplification 1, the stability behaviour of an appropriate intake nozzle module (illustratedby Fig. 5) will be determined by at least 24 different parameters [ 617. Most of these influential para-
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meters describe the geometry of the intake. Therefore a general calculation of the unsteady intake flow,
in regard to

- the shock boundary interactions (including separation effects),
and vortex sheet and shear layers

without the use of doubtful approximations, seems hardly possible. On the other hand, the principle
features of intake buzz are maintained with lncreasingduct length between intake and nozzle. This was
demonstrated experimentally by Trimpi £ 14]7. Therefore it seems to be apparent, that it is necessary
to simplify the theoretical model in a radical manner, with the aid of

Simplification 2: LI <<< L (I)

Disregarding the high frequency oscillations mentioned in para. 3.2, this simplifying assumption means
that the intake reaction time, following any disturbances, will be small compared with the propagation
time of a pressure wave throughout the tube of length L. In the case of a relatively short intake, it is
not necessary to pay particular attention to the dynamically stipulated deviaticns from the quasisteady
intake behav;our. The-eforean especially simple calculation of the distortion process can be expected.
As a result. " a distortion by an upstreamtraveling wave, the intake will reach a pew steady state in
negligible t.me, where by a downstream traveling pressure wave and an entropy discontinuity will be
generated. The intake throughflow will be mainly steady under the previously mentioned simplification. For
the calculations, the complex intake behaviour can be therefore described by the quasisteady valid total
pressure recovery characteristics. In general, nozzles are much shorter in comparison with intakes. There-
fore the third approximation:

Simplification 3: LN <<< L (2)

will be physically more justified.

Wave nature of the internal distortions
The w-i;E ', -" o which was assumed by Mirels [7.7 who used the same simplific-
ations, has been confirmed (especially for large L/LI) by experimental work done by Trimpi [14, 157 and
Stewart [39, 40 ].

In the case o
€ 
a wave process, the boundary conditions at intake and nozzle correspond to those at opening

and bottom of an organ pipe having one end open. The intake would represent a node, the nozzle an antinode
of the pressure dist'ibution. The period of a simple cycle would be determined by twice a pressure propag-
ation through the tt'e moving back and forth:

all- tm=)  (3)

With sufficient throttling, nearly all buzz pulsation show indead a period comparable to Atc. On the
contra-y, a necessary assumption for the applic.tion of the Helmholtz resonator model would be a much
greater period.

Representation of the internal perturbation process
Two"differentmapping lots w-QiD bse "toI Ef~ ate the internal flow process. The x, t-plane is used
to illustrate the time-dependent have propagation. The accompanying change in state may be depicted in the
Po, in-plane. The total pressure characterizes the intake efficiency while the mass flow can be considered
as a principle test variable.

6. INTERNAL FLOW CALCULATIONS USING SIMPLE WAVE THEORY

The pressure amplitude of the strongest internal waves during strong buzzing does not exceed 30 percent.
Therefore the internal wave processes can be approximately treated as isentropic:

Simplification 4:

The increase of entropy due to internal shock waves, which may be generated by converging compression waves
is proportional to the third power of pressure amplitude and may be neglected.

In contrast, the entropy of the quasisteady intake exit air varies with intake exit total pressure, and that
changes of entropy should be taken into account. Any change of intake total pressure will therefore, q
according to Fig. 7, generate an entropy discontinuity with separate regions of different entropy in the
internal flow. The entropy discontinuities are special path lines and represent perturbations of density,
temperature, Mach number,ad in a constant pressure region. Under the previously mentioned simplifications
2 and 3, the spatial extend of the simple compression waves generated by intake - or nozzle reactions are
negligible small compared with L. Furthermore, the diverging rarefaction waves should also be depicted in
a summation manner in the x,t plane according to Fig. 8.

Under the previously mentioned "simplification 4" (neglection of entropy increase due to the steepening of
internal compression waves), all state variables in the constant state regions of the eshed network can be
calculated step by step using the bimple wave theory. Using the state characteristics for unsteady one
dimentional flow [ 66 - 69_], all state changes, due to simple pressure waves, or entropy discontinuities
respectively, can be calculated in an easy manner.

With the abbreviations (4) " P LI? T.

7r P P.L -' ~~(4) ( '{

and using the state characteristics, in conjunction with the gasdynamic relations, the following relations
for simple pressure waves may be obtained:

6 -4--
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or as a function of mass flow perturbating respectively:

f'._.7M r , r I. y.; - -- M 7 i)/-9;r77 7r x'

Sign convention-1 
_;

The upper sign always refers to changes of state due to upstream traveling waves, while the lower sign
denotes changes due to waves traveling downstream.

The differential equations (5) can be integrated in closed form using the static pressure as an independent
variable. This was one reason why the unusual po, p plane was used in earlier work [61 - 637, whereas
in this study a graphical presentation of the internal changes In state will be given in the po, A plane.
Using j - 9 to denote the intensity of a weak entropy discontinuity, the following relations can be ob-
tained: - 1 X

-2 7 (7)

With the aid of eqs. (5) - (7), all changes in state from one constant state region to the neighbouring
can be calculated if the intensity and the type of the enclosed wave is known.

7. SOLUTION OF BASIC PROBLEMS

For the calculation of the state variables inside the meshed network, the magnitude of the individual waves
is required. Therefore the changes of wave magnitude, due to fundamental unit processes, were determined
using eqs.(5) - (7) with the respective boundary conditions:

o The intersection of simple pressure waves will not lead to a change of pressure amplitude within the
scope of 3 theory of small amplitude.

o The intensity of an entropy discontinuity will not be changed by the intersection with a simple
pressure wave. The amplitude of the incident pressure wave remains constant within the scope of an
linear perturbation theory. The amplitude of the reflected pressure wave Is proportional to the pro-
d&tof the amplitude of both incident waves and can be neglected withing the scope of a linear per-
turbat.on theory.

0 In the case of a subsonic channel exit (characterized by M and MN ,see Fig. 9), the exit boundary
condition for simple wave reflection is the conservation of the ambient pressure P,, at the exit. For
small perturbetions one can find [ 61, 62]:

[ 4 (8) -r. ( -n)t, -Z h /1" (1-rVIY H II,,,(Ii.n)tU VfV/(B

The following special cases are included:
- the closed end with M = 0, here the incident mass flow perturbation must be compensated:, - ,

- the open end with MN = M: The resulting mass flow amplitude ratio (I-M)/(I+M) means, that the
pressure pertubation vanishes: rjj , -?tz

- the critical (or supercritical) nozzle (N  = ):
compared with the closed end, the loss in amplitude

of the reflected wave increases with Mach number M.

o Equivalent to eq. (8), the interaction of an entropy discontinuityandasubsonic channel exit will lead
to the following linear amplitude ratio:

According to eq. (8), this result is valid for nozzle and diffuser type exits respectively. While an
entropy discontinuity (special path line) can never strike a closed end, the following special cases areincluded in eq. (10):

- the change of gas density at constant pressure can pass an open exit with M M MN, without causing
any wave reflection.

j - the critical (or supercritical) nozzle will result in a pressure wave reflection of less than half
the mass flow distortion :

-~ ..1 -l
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o In the case of simple wave reflection on an intake exit (Fig. 10), two boundary conditions had to be
satisfied: Firstly, the pressure and mass flow perturbations of incident and reflected waves must be
compatible with the intake characteristic. Secondly, the total pressure change due to the waves had
to be in accordance with the total pressure recovery characteristic. If the intake characteristic
curve is continuous in the considered operating point, the slope of the total pressure characteristic
is given by C,

and the amplitude of the reflected waves can be obtained,after some manipulations,

3 , _ g r, (13)
,r17

The entropy discontirtiv 43 vanishes in the case of constant total pressure recovery (0= 0),
while the mass flow artpji.ude of the reflected wave 9132 equals 5#21. In this case, the intake is very
similar to the op.n end vf an organ pipe.

8. SUERSONIC DIFFUSER STABILITY WITH SMALL THROUGIFLOW PERTURBATIONS

The linear intake response, defined by eqs. (12) and (13), can also be obtained graphically by using the
state characteristics (5) - (7). Therefore the unknown strength of the pressure wave 32 and the entropy
discontinuity 43 had to be iteratively brought in agreement with the intake characteristic in the two
different state planes.

Sof9rphjc al constriction -f the intake res2onse_(Fi9._1):

The intensity of the entropy discontinuity 43 is both proportional to the total pressure change of the
intake ( F ntz + 7 .21 ), and to the total pressure change of only the entrop, discontinuity -,?3
Therefore ? 3 can be expressed as a function of 7f, 32 + %21, as follows:

Using eq (11), a semigraphical construction of the intake response in only one state plane (according to
Fig. 11) is possible:

Starting from the indisturbed intake operating point 1, the mass flow may be reduced by*?2 1 by means of a
small compression wave. Depending on the slope of the intake characteristic G, the intake will respond
in a different manner:

- In the case of supercritical operation without bleed ( c = - om), the incident mass flow reduction had
to be compensated by the refelcted waves.

- In the case ofIg= 0, no entropy discontinuity will be generated. The reflected pressure wave will double
the incident mass flow reduction.

- The magnitude of the reflected pressure wave will increase with growing U until an unlimited reaction
will result within the scipe of a linear perturbation theory, when the slope reaches the value of

The value 6" denotes the greatest possible slope of the intake characteristic, because at this operation
point, the intke would react strongly, even by small perturbations *ithout feed back from the consumer.

9. WEAK INTERACTIONS BETWEEN INTAKE AND SUPERCRITICAL NOZZLE

If friction between intake and nozzle can be neglected, then the intersection point of intake and nozzle
characteristics represents the respective operating point of the intake. The question, whether such an
operation point can represent stable interaction between intake and nozzle, can only be answered by the
perturbation theory when the intake characteristic is differentiable inthe neighbourhood of the operating
point. This is not self-evident, because the boundary layer separation or vortex sheet ingestion would
normally produce a discontinuity in the characteristic curve.

Under the assumption of supercritical nozzle pressure ratio, the nozzle characteristic will be a line with
a slope of one in the V. plane. First of all, it should be examined whether stable interaction of intake
and nozzle ceases at the top of the total pressure curve, as mentioned in [ 2 ]. Within the scope of the
perturbation theory, the corresponding total pressure characteristic appears in form of a line of constant
total pressure intheleft side of Fig. 12. Assuming stable operation at time to, the nozzle discharge may
be immediately reduced by921. The resulting shift of the nozzle characteristic will cause a small compression
wave to travel upstream. The total pressure rise 7o2, coupled with the mass flow reduction Y2, depends on
the internal flow Mach number in accordance with eq. 6.

The compression wave T1 will lead to an excessive total pressure at the intake exit. Therefore the intake
will respond with a rarefaction wave 3, decreasing the mass flow, and pressure, down to the new intake
operation point 3. No entropy discontinuitywill be generated because the total intake pressure recovery
did not change within the intake reaction (3'2 3). The mass flow 3 is now below the required nozzle through-
flow. Consequently, the nozzle will react on the perturbation 32, and accelerate the gas with the aid of
a rarefaction wave 0'. Therefore, the intake will respond with an attenuated compression wave 54.

The pressure wave decays while oscillating between intake and nozzle and illustrates stable Interaction of
intake and nozzle at the peak of total pressure recovery. On the right side of Fig. 12, the analogous inter-
ference is treated for the case of positive slope of the intake characteristic. To obtain a clear picture of
the main process, the pths and consecutive nozzle reactions of all the entropy discontinuity generated by
intake reactions have been neglected. Within the scope of that simplification, a reduced attenuation of the
wave cycle can be seen. T

-_ . .. ..-.
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Looking for the boundary of stable interaction (using eqs. (6). (7), (9), (11), (12), (13)). it can be seen
that in general, an undefinite number of weak secondary pressure waves are generated at the nozzle by entropy
discontinuity reactions [ 61, 62]. For an undetermined number of special cases, it can be shown however 13'7
[61, 62] that all the entrcpy discontfnities have a damping orexcitingeffect on the formation of the
main cycle. Fig. 13 shows the two most simple cases.

After some manipulations, the following boundary, for stable interaction of intake and supercritical nozzle,
is obtained [ 61, 623:

g J7 If~ da~ping effect on (16)

I 1"3t,-1-JP- - rlzJ{-qflJ ] -I exiting) entrop. disc.

The value of q depends on the mean effect of all entropy discontinuities on the formation of the main
cycle.

10. COMPARISON OF DIFFERENT STABILITY THEORIES

Fig. 14 shows the influence of the mean internal flow Mach number H on

- the limit of absolute intake instability slope 
0
Al

- the limit of intake nozzle interaction instability slope 0' : for the critical cases of maximum
attenuation q = 1, indifferent effectioness, and maximum ei(tation by the entropy discontinuities.

Any change from the above assumptions (differentiable intake characteristic, length of intae and nozzle
negligible compared to total length L, end for interaction stability boundary'a supercritical nozzle
pressure ratio) car, result in quite different stability boundaries:

+ Increasing the relative intake length, will cause a growing zone of wave dispersion at the intake and
result in additional attenuation of the main cycle [ 61, 61 .7. Therefore, even iith an intake greater
than OAI, the intake flow may be stable.

+ The boundary of stable interaction can be changed if the consumer characteristic does not agree with
the assumed super:ritical nozzle.

+ A discontinuity within the intake characteristic, which immediately moves the slope from stable to
unstable values, may not be observed because pulsations can start just at the discontinuity. Therefore,
a measured slope of the intake characteristic at the origin of iistabilitydces not reed to coincidewith the
interaction instability limit XIS.

The preceding stability statements can be compared with other well known theories under the above-mentioned
simpllfications (1) and (2):

o The result obtained by Mirels [ 7] is equivalent to eq. (6) under the additional assumption of small Pach
number M, the entropy discontinuities being able to be neglected (q - 0) / 63 1.

o The statement of Pearce [357 does not take the interactions with the consumer into account. The result
would be comparable with eq (15).

The widelyused Helmholtz resonator theory, proposed by Sterbentz, Eward, DaviJs [21 , 22_, has been
criticized extensively [ 14, 15.7. The resulting instability slope limit is proportional to the relative
length of the intake. In the case of a negligible relative intake length, the theory would state a stabil-
ity limit of O - 0, which was also st~ted by Oswatitsch and Teipel [ 2]. The Helmholtz resonator theory
can not explain why sometimes(for higher internal Mach numbers ar.1 relatively long intakes) stable intake
characteristics with large slopes can be observed.

11. STRONG INTERACTIONS BETWEEN INTAKE AXP NOZZLE

The methods for the evaluation of small interactions between intake and nozzle, which was presented in
chap. 7 to 10, car. easily he extended for the investigation of strong nonlinear interaction processes. It
can be seen that the intake characteristic is the source of principal nonlinearity. Using simplification 4
(chap. 4), the change in state, due to arbitrary simple wave, can be depicted in the pc, p plane in closed
form [61, 62],, or can be integrated step by step in the po,m plane with respect to the parameter M.

In the case of a semigraphical construction (Fig. 15) of the intake response, the relation between the
mass flow ratio of the entropy discontinuity, and the intensity of both pressure waves, becLes, according lip
to eq. (14), r7l -

t.(423 p~ (17)

Using eq. (17), the effect caused by the entropy discontinuity can be outlined In relation to the intensity
of the reflected pressure wave R. The example, illustrated in Fig. 15, shows the nonlinear intake response
due to a mass flow reducing compression wave after a suO'n reduction of the nozzle exit. The change in mass
flow and total pressure caused by the entropy discontinuity is very small.compared to the intensity of the
pressure waves. Therefore, the investigation of the principle nonlinear interactions between inta;e and nozzle
can be simplified by the omission of all entropy discontinuities. Such simplifications of typical nonlinear
interactions are presented in the following figures:

Fig. 16 shows an isolated buzz cycle as the result of a sudden nozzle discharge throttling up to a value
near to stability boundary. The strong rarefaction wave coming from the intake will he reflected 1rom
the nozzle, Due to the reduced back pressure, the terminal shock will return from the position in front

4 of the cowl, and try to reach a supercritical state of equilibrium. The respective operating point 5
was attained by a simple downstream running pressure wave (and an associated entropy discontinuity)
starting from the disturbed operating condition 4.

Within the scope of the simplifications I and 2, it is not necessary to pay particular attention to the j ->
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different possible intermediate states during the unsteady change of intake operation. In thesequence, the
j 3 . intensity of the internal pressure waves running back and forth is attenuated because the new inter-

section of inlet and nozzle characteristic still represent a stable operation.

Fig. 17 shows a series of simple limiting cycles for various throttle ratings. They have a period correspond-
ing to an organ pipe and are typical for intakes with a wide stable subcritical operating range. With
closing throttle the total pressure amplitude grows, starting from a considerable high initial level,and
goes through a maximum, the pulsation dies away when a second stable subcritical erating
range is reached. In the illustrated example, the intake enters the reversed flow regime. The in-
creasing intake total pressure with reversed flow has been observed experimentally [ 59 J and corres-
pondends with the transition of a nozzle characteristic.

Fig. 18 shows limiting cycles for an intake with a small stable subcritical operating range and a large
amount of subsonic diffusion (small value of M). A throttle ratio just below the stability limit will
produce a staged supercritical pressure rise and an appropriate elongated periodic cycle. With closing
throttle, the number of supercritlcal interactions during the fill-up phase of the cycle is reduced
since the amplitude of the pressure waves traveling down and back grow progressively. Finally, a
limiting cycle with an organ pipe oscillation period will be reached.

An additional consideration of the effects caused by entropy discontinuities and internal wall friction can
lead to the following results [61, 62 ):

o Due to the impingement of enZropy discontinuities on the nozzle, a large number of weak secondary
pressur'= waves will be generated. If such a secondary wave, during buzz cycle, strikes the inlet,
operating just near the stability limit, it can provoce the next cycle. Therefore, the cycle period can
vary slightly. Even without regard of the Intake and nozzle delay, the period does not need to be a
multiple of half the organ pipe period.

o P :ocal internal friction zone causes attenuation and stabilizing effects wnen it is concentrated at the
int%-: exit. Total pressure losses, due to Instrumentation at the intake exit, can therefore produce a
too optimistic stability behaviour.

12. LIMITATIONS OF THE THEORETICAL MODEL AND COMPARISON OF THEORETICAL TRENDS WITH EXPERIIMNIAL WORK

The principal simplification of the theoretical model, L <<' L indicates a significant limitation:

Calculations of the transient behaviour, made for an intake with a long throat [ 61 j.showed that many
interactions between the external shock system, and the internal diffuser can be required to obtain a new
operating point after distortion. Remembering the high Mach number level inside the throat region and
lheresulting low propagation speed for the upstream traveling waves, a long reaction time is produced.

Even in the case of - very long internal duct, a stabilizing and attenuating effect, caused by wave
dispersion at the intake exit, can be expected. In comparison to the demonstrated example calculations,
a smaller oscillation amplitude may result.

In contrast to the simple theoretical model discussed, an intake of medium relative length will not
reach a quasistationary operating point during a buzz cycle.

In the case of similar length-of-intake and connected consumer, the dynamic behaviourof the intake may
be slow compared with the consumer. In this case, a totally different theory has to take the dynamic
behaviour of the intake flow into account while, in accordance with [ 36.7, a quasistationary consumer
characteristic may be assumed.

In spite of the strong limitations, resulting from the principal assumptions, the presented siEple model
can explain in closed form different observed features of diffuser buzz using the associated intake charact-
eristics:

1. By just crossing the stability boundary, large pulsations can be induced.

2. The building-uto process will quickly lead to a limiting cycle. Even the first discernible cycle shows
the typical shapo of the following cycles.

3. The pressure amplitude, measured upstream the nozzle, grows in general with a closing throttle, start-
ing from a considerable large initial value.

4. In the case of a wide stable subcritical operation range, as can be noticed occasionally for intakes I
exhibiting Ferri instability, a buzz period, comparable with the first mode period of an organ pipe,
and nearly undependent from throttle ratio, can be found.

S. With a small subcritical operation range, buzz begins with a much longer period which will be shortened
by increased throttling till finally a fundamental period will result.Z

6. Due to the disturbances always present in free stream, it is clear that by approaching the stability
boundar. , a growing number of isolated buzz cycles in irregular sequernecan be noticed, especially in
the case of intakes having a small subcritical operation range and a large emount of subsonic diffusion.
This phenomenon is called buffet [ 39, 40 7.

7. The considerable differences of the stability behaviour of similar intakes may be explained by the strong
effect of the small form differences in the pressure recovery characteristics.

8. Limited irregularities of the bizz cycle pattern cait even result from only eftropy discontinuities. 3
9. Examinations of the unsteady interaction between shock system and internal diffuser [ 61;I, showed an

instantaneous decline of mass flow and Mach nuber in the throat of a subcritical operating intake,
following the arrival of a compression wave at the intake exit.

The final question, as to how far the consumer influences the onset of buzz pulsations, may be answered
by the following statements: I - I

L~z~ L
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If the intake characteristic is differentiable in the neighbourhood of the stability boundary, then the
consumer will have an influence on the stability behaviour. The stability boundary will be situated at
Such a throttle ratio.,where exciting by the intake is compensated by the damping effect of the constmer. 13
When the stability boundary is crossed, a rapid buildup process of buzz pulsations may result from a Warked
curvature of the intake characteristic. So it may be possible that the stability boundar" is determined by
small linear intake consumer interactions, even in the case vhere the first discernible cycle shows the
entire buzz pressure amlitude.
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DISCUSSION

C.Limage
In recent experiments in the USA, it has been observed that the inlet instauility has been driven by the ramjet
combustion instability. Have you considered thi. type of inteaction?

Author's Reply
The interference between inlet instability and combustion has been known for many years and have been reported,
for instance, by Triinpi 4 ,"s. Daily2" and Sterbentz 22'2 .

There also exists some theoretical approach for this problem (Mirels', Trimpil4 
IS).

Because the buzz phenomenon is not generally altered by the combustion process, it was decided to avoid the
complication of calculating the wave dispersion and reflection by an internal combustion zone.

It seens to be possible that the theoretical method presented in References 61, 62 which include effects of internal
area change and local friction could be extended for the consideration of the effects due to local heat addition.

H.Wittenberg:
In the last section of your paper, you have compared the results of your theory with experimental work in a qualita-
tive way. Have you also made comparisons with experimental data quantitatively to investigate if your method can
be used to predict the stability behavior of inlets?

Author's Reply
No, we are now just trying to make such comparisons with experimental work performed at the DFVLR by
Mr Krohn. In my theoretical work which was performed at the technical university, I had no opportunity to make
experimental measurements. I used for calculations one experimental pressure recovery characteristic which I found
;n the literature.

Mi

r- n # -z y- e I
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SUMMARY

Mission performance of ramjet powered missiles is strongly influenced by the
trajectory flown. The trajectory optimization problem considered is to obtain the control
time histories (i.e. propellant flow rate and angle of attack) which maximize the range
of ramjet powered supersonic missiles with preset initial and terminal flight conditions
and operational constraints. The approach chosen employs a parametric control model to
represent the infinite-dmensional controls by a finite set of parameters. The resulting
suboptimal parameter optimization problem is solved by means of nonlinear programming
methods. Operational constraints on the state variables are treated by the method of
penalty functions. The presented method and numerical results refer to a fixed-geometry
solid fuel integral rocket ramjet missile for air-to-surface or surface-to-surface
missions. The numerical results demonstrate that continuous throttle capabilities increase
range performance by about 5 to 11 percent when compared to more conventional throttle
control.

1. YNTRODUCTION

Ramjets are currently being considered as the primary propulsion candidate for a

number of future atmospheric missiles as they offer the combined advantage of high speci-

fic impulse, high speed, continuous thrust and compactness (1). The integral rocket
ramjet concept in its solid fuel ramjet version or solid dicted rocket version is of

particular interest. The present paper addresses the problem of range maximization of an
4 integral rocket ramjet missile and reports on application work which was performed in

order to establish the performance capabilities, throttle requirements and parameter

sensitivities of a given missile. The vehicle design and propulsion characteristics as

well as the mission requirements were defined in previous industry studies and were
prescribed (2). The mission of interest is schematically shown in Figure 1. We assume at

the outset that the structure of the optimum trajectories cosist of climb, cruise,
descent and sea-skimming segments. Not shown in the sketch is the rocket boost phase

which will accelerate the missile to ramjet ignition velocities- Only the rzmjet powered
flight will be considered. Mission objectives require trajectories below a prescribed
maximum flight altitude in order to delay radar detection and a final weaving flight

phase at sea-skimming altitudes. This type of maneuver will maximize the survivability
of the missile against shipboard defense weapons. Ramjet trajectory problems have not
received much attention in the control literature yet. This may be attributed, in part,

to the fact that these works are rarely published beyond industrial reports for security
reasons. Open-loop optimal trajectories for minimum fuel-to-climb , minimum time-to-climb

and minimum time-to-intercept problems for an air-to-air Liquid fuel ramjet-propelled
missile are considered in (3) A separate important issue is the on-board implementation

of the optimal control solution. This requires that the solution be found in a closed-

loop form. The focus of the work and (5) is mainly concerned with the derivation of

such optimal control laws using singular perturbation theory.

Our goal is to obtain the optimal open-loop control program. The control problem is

formulated by constructing a cost functional which penalizes violations of the inequality

4 2 Z
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Iconstraints. An efficient method to optimize complex atmospheric trajectories is to trans-
form the continuous optimal control problem to one of parameter optimization. This

technique has seen wide application to a great number of optimal control problems of
diffinc o l et, 3 (7)iu of vaitin3eho s
varying complexity, to (13) and in our example proved to be less complex anc.
difficult to solve than calculus of variation methods.

The remainder of this paper is organized as follows. In section 2 the e.r'imization prob-
lem is stated. Then, in section 3, the numerical solutio, technJque is der ribed and in

section 4 the missile simulation model is defined. The final section 5 presents some
numerical results. The first examples concern level flight at sea-skimming altitude.

Fnally results for low-high-low flight profiles are obtained.

2. PROBLEM STATEMENT

The general nonlinear optimal control problem can be formulated as a problem of

Bolza in the calculus of variationst i.e. extremize the performance index

t'-.J(u,iy) - 0 [x(tf),Z + tfL (2E (t), (t), dt()

0

with respect to u(t) and r, subject to the equations of motion

k(t) - f(x,u'1 ) , x(tO) x 0  specified (2)

the boundary conditions

t [ 0(t f ) ,1 ] O ( 3 )

and inequality constraints

hfx(tf),s] > 0 (4)

[x(t),u(t),'] >0 (5)

In equations (1) to (5) x(t) represents the n-dimensional state vector, u(t) denotes the
r-dimensional control vector, n represents a design parameter vector of dimension m,

q) is a q-dimensional vector function and 0 , L are scalar functions. The subscripts O"
and 't" refer to the initial and final values of the independent variable time 't',
respectively. The initial time to corresponding to ramjet ignition is specified while tf
is free. Final time tf is determined from the specified final mass which is used as

stopping condition in the numerical algorithm.

* contains the specified values for terminal velocity vf, flight path angle Tf,

altitude hf and possibly lateral displacement yf. The inequality cons,raints (4) and (5)
result from structural limits, mission and propulsion requirements which bound ;he

altitude-Mach number operational region and the controls. Specifically, it is required

that recovery temperature Tr (t)<Tmax , Mach number M(t)>Mc(h,1), flight altitude
O<h(t)<ha, propellant flow rate umin < u I < j(t) < , < with throttle ratio

1 / mx and the resulting angle of attack r(t)=VCt 2(t)+8(t) _ 2 max stay within
pregiven limits.

, Optimal control problems with constraints on the state and/or control are often
solved by converting them to a sequence of unconstrained suboroblems by means of penalty

functions. These are added to the primary indicator of the system performance which in
2 our case is the downrange coordinate x(tf). Thus, the functions 0 and L of equation ')

are augmented to include

!L
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2 w 2
f ((tf),?_ = - x(tY) + i. = (6)

and 2

L S R(7)
i=1

where = i 0 if hi < O (8)

0 if hi L 0

Ki > 0 if Si  
(9)

0 O 1-f Si  0

P£' Qi (Ci) and Ri (Ki) represent coefficients penalizing violations of the different

constraint conditions (3) to (5). The functional inequality constraints (7) are evaluated
by integratinq the constraint violations over the Irterval [to, tf] along with the
numerical integration of eguation (2). A sequence of ortimal control problems with in-
creasing penalty coerficients must be solved. In the limit, minimizing the augmented

alty function maximizes the range performance and drives the constraints into satis-

.action. The derivation of necessary conditions for the optimal control problem stated
bove by means of the calculus of variations is straightforward and well documented in l

literature (6,7), and will not be repeated here. Some aspects of numerical solution

techniques applied to the ramjet trajectory problem will be discussed in the next section.

3. SOLUTION METHODS

The most widely used iterative computational algorithms to determine optimal controls
represent variations of either the gradient method or Newton's method in either function

or Euclidean spaces and are local in nature.

Function Space Conjugate Gradient Method

in the beginning we sought the solution by use of a function space conjugate gradient
(FCG) method (6,7). We used this technique suc~essfully to obtain optimal controls for
rocket ascent trajectory problems to near earth orbits. However, when applied to the
ramjet trajectory probiems the FCG method failed due to excessive computing time. This

failure may be attributed, in part, to 1. the highly nonlinear characteristics of the

missile and the ramjet propulsion system and 2. to the high number of equality and
inequality constraints involved in our problem, which were handled by the method of
penalty functions. During the iterative process the trajectory tended to leave the
bounded altitude-Mach number region, for which valid ramet propulion data were available.
Hence, comparatively high penalty coefficients had to be chosen already at the beginning C

in order to force the trajectory to stay within the limitations of the propulsion model. 4

Adding penalty functions to the performance index containing periodically increased
constants may change the original optimization problem to a large extent by creating
narrow valleys in the state space res'tlting in extremely slow convergence. Therefore, the

= FCG method has been abandoned.3

Parameter Optimization Methois

The appearance of efficient and roh,-t algorithms to solve nonlinear prograosming

problems (NLP) during the iast decade has led to the replacement of the more complex
calculus of varie&ion methods by techniques which dicretize the problem in some way. Such

an approach reducos the criginal continuous optimal control problem to one of finite-
dimensional parameter optimization. i.e. NLP. The approximation of tho original problem

may parameterize the states as well as the controls ( 13) The methods employed in theremainder of this stu -y: however, parameterize only the controls. Parameter optimization

I _ _ _ _ _ _ _ _ _ _



methods and unresolved problems connected to it are surveyed by (8).

/ ' T An obvious direct parameterization method is to represent the control vector function
11 (t) by an explicit function of a parameter vector p c Em and thus control the trajectory
by means of equation (2). Although it is natural to treat the controls as the independent

variables and the states as the dependent variables in the systems equations (2) it is not

essential to do so. In problems involving terminal state constraints and/or state

inequality constraints it may be more convenient to treat some of the states as
independent or nominal variables and to determine some or all control variables in terms

of these independent variables through the state equations.

In our method of approach some control variables ui (t) are approximated by specifying
ui(t) = Ti(2i, t) i = 1,2,..., r1< r (10)

where Ti are known functions of the mi-dimensional parameter vector p,. The remaining

x-ri control variables Ur1+1, Ur1+2,.., ur will be uniquely determined in terms of a

selected set of independent or nominal state variables. Similar to (10) a specific para-

meterization for these nominal state variables is adopted
xj(t) = T(12j, t) j = 1,2,..., r-ri  (11)

where each T. is a known function of the mj-dimensional parameter vector p.j. The form of

the parameterization (11) chosen should be consistent with the terminal conditions and the

state inequality constraints of the problem. If the j state variables are enforced

according equation (11), the control variables ur1+1, url+2,.., ur are uniquely deter-

mined through the state equation (2). Unfortunately, inmost cases these control variables
cannot be determined explicitely in a straight-forward manner without having to integrate

the differential state equaticn (2) numerically. To circumvent this difficulty we consider

the variables x. of (11) as nominal values for a pitch controller, whica determines the

controls u.(t) in such a way as to drive the current state variables to the nominal values

of equation (11). Thus, the controls url+1 ,..., ur are defined by a control law

uk( t = Tk(0 , xk(t), Q = Tk(pk, t) k = 1,2,..., r-r| (12)

where Tk represents a specific relation of the nominal values xk(t) and the mk-dimensional
vector Rk' which combines the parametervector jj of eq. (11) and pi. The control models

utilized in different flight path segments are described in the next section.

Let n = mI + m2 +... + mr + m and define the m-dimensional parameter-vector p byT T , T TI  r '7 -
P1I 2 I ... r . For given initial values x (t0 ) the dependent variables x can

then be solved in terms of p by numerical integration of the differential state equation
(2) in the interval It , t f. The cost functional J(u,7) reduces to a function z(p) and

thus yields an ordinary minimization problem. This will be solved by a variable metric
penalty function method employing either the Davidon-Fletcher-Powell (DFP) algorithm or

the Broyden-Fletcher-Goldfarb-Shanno (BFGS) formula (10, 14). iowever, with respect to the

boundary conditions (3) either penalty functions or projections may be emplc-,ed. We found

for our control problem that the DFP or BFGS alorithm coupled with a ;Tadient projection

technique for handling terminal state constraints offers computational advantages. Most

trajectory optimization examples of section 5 were solved by an accelerated gradient
projection scheme. In this case the penalty terms associated with the condition (3) are

dropped from equation (6) and the parameter optimization problem may be stated as follows

minimize z(P)
subject to the (13)
boundary condition J(P) 0

Note, that the differential constraints (2) do not enter into formulation (13) as they are

solved by numerical integration.

The gradient projection algarithm consists of a sequence of tWo-phase cycles, (14)

composed of one or more constraint restoration steps and one minimization step. Starting

from an initial point z° a varied point p k+1 is computed according
k+1 k k k1 k2 B + cc

k  
s k(14)

1 _._ _-_ _
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where ak represents the step length taken along the search direction sk and the super-
script indicates the iteration cycle. In the restoration phase the task to be accomplished

by the parameter update scheme is to meet the desired end conditions within prescribed
tolerances. The parameter set is updated using the displacement

6.2 i ai.si _ i. Hi i( i i.- (1 5)

with a nominal value ai = 1, which may be reduced within 0.05 < a < 1 to enlarge the

convergence region. In equation (15) Hi is a diagonal weighting matrix which attempts

to normalize the effects of the various parameter and will be updated as described below.

The notation q indicates gi = (I). The matrix i contains the partial derivatives of
the constraints with respect to the parameters and q is the vector of constraint errors

for the ith-iterate. The minimization step is accomplished along

s Hk Fk (16)

where Fk represents an augmented cost function

F =z +. 2
k  

(17)

which adds the constraint errors 9k via a constant Lagrange multiplier
S=_k Hk  k -1 ( k)T. k zk(.p1 p 9p) (18)

to the original cost function Z(C).

The step lenght ak is determined by a one-dimensional search

F(p
k + ak-k) m min (F(pk + a..sk) (19)

Ct

using cubic interpolationto !ucate the scalar parameter ck which yields the greatest cost
decrease. This search is terminated prior to passing the minimum at ak if either the

parameter changes or the constraint errors exceed some prescribed bounds. In this case a
new restoration cycle is initiated without modifying the matrix H. Otherwise H is updated
by use of quasi-Newton methods. These include the famous Davidon-Fletcher-Powell (DFP)
and Broyden-Fletcher-Goldfarb-Shanno (BFGS) formulas (see for instance Ref. 14):

]~. -p
kk(AFk)T 

Hk Fk Apk (62k)TH k +1 = ¥kHk + k~k -p , - --i

(A kk ( - k ) Tk  LF k  (A n )T k  ( o

(AFk)THkAFk •- -_pt -p; _
-p - -p

k 6  r - )T 0Hk + k k
S(p.k)TAF k -- -p kp

where Yk 1 k = o for DFP method

k k
y = 1, k = 1 for BFGS method

and 1Fp denotes
p -r - -k(1k)

(p F (

and the subscipt p once again indicating partial differentiation with respect to J.
The required partial derivatives with respect to p are computed numerically using either

the method of forward finite differences

z lr
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_z = z+ - z(p) 3 gi gi- g(n) (21)
apj 6pj " pj 6P.

or central finite differences

LZ z~ ag g gi
_ = --= - =g -g (22)

apj 2 6 pj J apj 2 6pj(
+

where the notation z += z(pV,..., pj + 6pj,..., pm) and z- = z(pl...., p.- 6pj .. p )

is used. In the latter case a scheme suggested by Hull and Williamson (12)is employed to
verify the magnitude of perturbation. However, the use of the central-difference formulas

is avoided whenever possible to reduce the computational expenditure. In most examples
the use of forward differences was appropriate. Another way of generating the partial

(1e) (11)
derivatives is by the quadratures of the error of the optimality conditions . In
gradient generation by forward differences compare favorable with error-quadrature

gradients.

4. SIMULATION MODEL

Dynamic Model

The flight of the missile is described by a set of seven differential equations
written in a relative velocity coordinate system. This system has its orgin at the
current position of missile's e.g. relative to an Earth-fixed nonrotating xyz-axes system

and its axes are aligned as shown in Fig. 2. The equations of motion are as follows:

-= [ [F.cos a-cos 8 - W! - g9sin y

I = - [F-sin a + A] - -0cosy

mv=cos [F'cos asin + ]23)

-.cos y Cos X

v-cos y . sin X

h = V •sin y

The associated elements of the state vector x = [v, y,x,m, x,y,h]T are the relative
velocity magnitude v, the flight path angle y, the relative azimuth X, the mass and the
coordinate of the missile point mass. g0 is the surface gravitational acceleration. The

missile is controlled by the control vector u(t) = [JU(t), a(t), B(t)J whose components

are propellant flow rate ii(t), angle of attack a(t) and sideslip angle B(t)- Structural

limits, mission and propulsion requirements impose four operational constraints the I
violations of which are numerically integrated along (23)-

-(Tr(t) _ Tmax
) 2  if Tr(t) > Tmax otherwise = 0

(Mc M(t))2  if Me  > M(t) otherwise 42 0
2 (24)

-
= (h(t) - hmax) if h(t) > hm otherwise = 0

= (h(t) - h if h(t) < ho= 0 otherwise 4 O
with initial values Ci(to) = 0 and required condition r (tf) = 0.

0 -f
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Aerodynamic and Propulsion Model - -,

The ae.'odynamic and propulsive forces are obtained from the relationships

L CL aM).q.S

D CD( e,m,h).q.S
(25)

Q = C0 ( aM)-q.S

F = Cp(M,h,u)-q.S

where q denotes the dynamic pressure q = v
2 
and S is the reference area. Thrust F is

considered to act along the vehicle body axis. The acre-thermodynamic heating load is

described by the recovery temperature Tr which is given by the adiabatic equation
T

r = T.(I + -
1 

.M
2
) (26)

where T is the ambient temperature and K is the specific heat ratio. The atmospheric proper-

ties, i.e. density o, temperature T, speed of sound a to define Mach number M = v/a,

are derived from the 1962 US Standard Atmosphere model.

The aerodynamic data are given as drag polars and the dependence of the aerodynamic

coefficients on angle of attack a and sideslip 8 is assumed linear at each Mach number,

thus

Ci L CLa(M)-a

. C (M)-'I+c'h) + K(M)-C
2  

(27)

cO - CQe(M)-

Since the missile is onsidered to be sy-metric we assume C 0(M) = CL (M). The aero-

dynamic coefficients Ca (M), CDO(M) and the induced drag constant %(M) are represented

as tabular functions of M and are determined in dependence of the current Mach number

by means of cubic spline interpolation. The thrust coefficient CF(4,h,0) is characterized

by a strong sensitivity to the flight conditions M, h and to the propellant flow rate u.

It is also given in the form of tabular data. CF is modelled for different values of

= const. by bicubic spline functions and the dependence on ji(t) is determined by cubic

interpolation between the several planes CFCM,h)I = const

The lower operational Lmit for the ramjet propulsion considered is given by the critical

Mach number Mc = Mc (h,) , -Wic 
- 
is al.* given in form of tabular data and .modelled utilizing

bicubic spline functions. with respect to the fuel flow rate u the propulsion
characteristics require :.(t) to obey umin i (t) < I*,< -m with tne additional

restriction of Ua/ Ul f 4-ax for the throttle ratio t.

Control Model

i The trajectory is determined by three control variables: the mass flow rate u(t), which

implies thrust magnitude, the angle of attack a(t) and the sideslip angle (t).To = -

formulate a trajectory optimization problem as a parmeter optimization problem, the
inf'nite-dimensional control must be represented by a finite sot of parameters. There are

several ways in which a parameter vector can conveniently be chosen to approximate the

continuous control u(t).

The time interval it , t f can be partitioned and the para.meter of p can specify the

magnitude of the control variables at secified points in time. Simple linear inter-
polation or cubic spline interpolation (l1. can then be used to def ne the control

variables at intermediate points in time. Alternatively, the parameters can be regarded

as coefficients of some mathematical model, which may be either a function of time or a

function of the current state. Both methods are employed in our control model.

Generally, we approximate the (t)-control, i.e. propellant flew rate, by straight-linie

segments. In a limited num-ber of examples cubic splines were used instead.

in_ - _
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The angle of attack a(t)-parameterization assumes constant flight path y segments and

/57: cruise'phases at constant altitudes h, i.e. a flight profile as shown in Figure 1. The

desired values of constant y or h within path segments are considered as the nominal
values for a simple pitch controller which defines U-control in a closed-loop form.

During a climb cr descent segment i the angle of attazk is determined by

M (t) - i(t)
a(t) as (t) astc + (28)

Within a constant altitude flight path segment a is calculated from

Sh(t) - hn -.(t)
a(t) ast(t) - t- +Ut) (29)

C hj

In equations (28),(29) denote Yni and hnj the desired values of flight path angle and

flight altitude, C,, C, Cn represent weighting coefficients and a is a preset constant.

Furthermore, as denotes the steady-state angle of attack

0m(t).go cos (30)
s= (F(t) + CLgq-S)

resulting from the second state equation (23) by setting 4 = 0 and sin a a. Note, that
T
ni = 0 for co;:stant altitude flight phases. The bracket terms in equation (28) and (29)
represent linear combinations of the error function and error rates of change. The

a-control derived from (28) or (29) is restricted to la(t)I < -ax wth : a specified

control bound.

At least four flight path segments are assumed: climb, constant altitude cruise, descent

and constant altitude sea-ski--ing phase. The climb and descent chase may each be

partioned in additional flight segments. However, only two constant altitude flight

segments will be considered. In the constant altitude cruise leg the desired nominal

altitude hn is set equal to the specified maximal altitude hmax and in the sea-ski4ir

Phase the nominal value h is chosen to correspond to the specified terminal altitue hr.

As wi)' become obvious from the next section, h represents the opti-a a cruise alti,-ae
for our trajectory problom.

The nominal values Yni as well as the weighting coefficients C_.. C.., C.. for the piC
"
'

controller (28) or (29) of the different flight path se=_ents i are collected ifl tne

parameter vector p to be cpti'ized. Prover selection of the weighting constants will

result in an optimal transient from the current states y(t) or h(t) to the desired.

nominal values.

The a-control model chosen :epresents an attemot to ell--inate the explicit appearance

of the final states h. and y. in the boundary condition (3). Both are satisfied directly

by the control (29). Furthermore, satisfaction of the path ineq-ality cnstraints

h(t) < h ax and h(t) > 0 is achieved easily without the need of nigh penzlty coefficients

in the associated penalty functions. Hence, the numerical difficulties mentioned in

section 3 regard-.ag the use of penalty functions are kept to a minimu=..

The sideslip angle is S(t) = 0 for all but the last path segment. In the final sea-

ski;-m-ing flight leg lateral aneuvering of the missile is w.com-plished bv a ban-bang

type -control. The magnitude of S(t) is numericallv determined from the third state

differential equation (23) for a specified lateral acceleration. A control constraint is

imposed:

8(ti < /S8(t s r - a2 (t) (31)

where a(t) results from ecation (29). Hence, high lateral acceleration requiraments

resulting in higher -angles will not be realizable.

The optimization technique deter=ines the controls u(t) and O(t) in the sense of the

_i3T4
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above stated approximation. with this control model the resulting trajectory may not be

optimal for the problemo originally stated but shotzlG be very neatly so for most problems

of interest.

S. IMMERICAL MMAPLES

This section presents two examples llustrating the potential performance im-prove-

menits that can res--lt from lte =npienentitilon of optimalI controls. -he first example

considers a missile flight mission. at se-trigaltl.- s ind demtostratez the

improvements gained by ot~~v throttle carsabiliries. The second eyxample correspondAs

to a lohg-l n ission crof lie. For all cxam-ples to -1a presented In this section tie

following rem-arks held: all trajectory calculations were performed on a USIVAC 110t

coputer us±.ng dcble preczicn arithuetic. ll smlts flights ujerde initiated a: the

same condition, which: corresponds to ram;ericnitlcn. and 131! had to meet the same

boundary condItilons v_ , 4 and !,- -.he trajectory calculations were terminated at

depletion of a specified amoun-t of fuel.

AS Mentioned above tine fzIrst missi1on to be con-zIdered is one of Ileve flight at l1w

altItuwde and Includes a fInal-3ain flight pnth sen _nt of Prescribed length. The sea-

skis
t
n;g alitd.h.ich is chosen. ec:al to the temialnndiltion h:,. Is inamtiedb

-siti-CUntrols determ-ied from equation (293 the coefficients of Which h--- been optims'-,

in a separate calculation. ThS. only the fuel f.*o- control wit., is to he ottizsred.

since the sidsip andy~ S Is deatermIned byI te requ-rement of a speciXfi-c lateral aiccel-1

ratiam. ~ ~ ~ ~ ~ ~ ~ ~ O Tebreryc dli. ,*1i'adv*0'Are satis5fied ditl by s-control

(29). The ratncvr.4dltlor-s to be met are the termlrnal velocity v., the reqit-red

ditnecf weavinq flI -u_~ anid flight pat iecuaity Nosrits14.mte. c

conditIon on the iateral disolacenen-t is ipediceytlis qn~l~aa

sioescase bets- - a-d xz cuaad he satiste (withi etclwerrl

utiliing a Control paraeter consistIng of luszt two naramerers PS ie

coestent fiuel flow rate ;: and the r-tltr tinev s of wearin fli7ht. flowerer, since
there are two end condit-lofs and cmlv two con'-'oll ca-ame-se there Is =n parame-tr left

for optilnltics_ an- th=s the rolmredutCes I-- One of tarcting. 7-r soeCl-_fzcas1on o

T, and- 1, c-nloely defines the zwo parame-s- metceoh ncr o_csr are

r Imescly deter-mid iny a -"nzn- es. i-c cyce (Section 3;. As this spcial case

P2 is of ConepatclItrsmceslsae presentedIs inFseres 3 to, S.

Figure 3 shows tLe effect of parameters :5 and tW7 on Weam~ fltscit distance for a

specifIe final v-unc-ty r, and e11fen:ent ltalacceflerazr &_.. a,. x . re e. the

cbolcew Of fuel fl-wiwt, 0.8 - Coma toectrer w2ztL 06 US ield a nav-ny

distan-ce of 2.!1mfwhile, seetinq the Tm odto , !or a aamvrer ac-le-atioc, cf a. 2.

It lshofin zirc 3 that for high raceriiaet_ eents a, M 3 and

only shourt WeArn ;%tAnce_ can. b.e ac&hieve vie= with he'. I reer setting. lartheranre.

high ateral accrolerat ion a - A may not be maintalzned de-te o.er'-tie of tiesaini

flight _--e to the assciated rapid elctdcr Asean d;e to nhem=,me sidell

anilea acorin F.qat'on "i.in F jar tbe IlI time t, Is a-so clottecd: the

difeenesofwhchfo svral a lratl- a,. ale too -l as to be shc%=n in -he

grah.

The above disusiondosnt cesder the costraint Tr T maon the n-.2teatr

t6lch. hdie -rd on the problem. rcrcrsm_- t_ sr~ctorlesm of neat-r I cafeasthie. TheS

isc --idene- by thve Veloc-ty time- Pof:ie of FIgure %. This er6 .ccreswPoMds to a

constant lateral ceursgacceleration a, - 2 and c itsthefctof differe-nt

wwarin flight distance rciyalrcevia-s. If there. is no Wari=- flight Uecen ther* -I

scaskiingmisil iscosieoosy aceeraed er the i='l c etrm~al veloc~ty

Vf hr a constant zcoer setinq w ea-l man-aers are reqrerd -Ar1 - 0. the m4 il
will be accelerated to A peat veocity at t t well aboe the sprlcf led end condtion_

iff
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Ifand will be decelerated in the interval tw t Ctf of mancuvcrlng flight to the
prescribied terui"a condition. The thrust associated with the specific fuel flow rate
ui(ti - const. required to =,Let both end cond.-tions v, and ix Is not-sufficient to
cancel the increased drag during this flight rnase. Thus, in o-rder to seet mncreasing

ZX-- requlroents the missile has to be accelerated to higher velocities In the inte-
Val t 't cct - f the termin-al conid~tlon v, is :0 be arnieved. -.his Is 3cccopll.shve

by utilizing higher fuel flow rates :;. Hawe-er. this Lay result In a violation of the

operational constraxnt T_ C7 (i.e. V Li a= is the case for the etasples fx, - 2 and

Ixv-4 shown in Figure 4. Hence. a constant rowemr Setting Is not appropiate for
wediu to high Ztar - distance requirezents and siaryfor higher rmaneuvering

acceleration-s a-.

If the r=,*et has somie throttle capabilities It is reasonable to ss a tonstr ftea!

filow rate vitI - .= during the first flight phase t Iz tm and a different ~n
win w~ urie he anerernginterral t., -t,. such an% esnple

13- ~ is considered in Figure 5 and rlenre 6 which correspond t

tavWinq distane ix 2 and a lateral s-acceleratio= a, * 2- Fr compariso -r. ason-, 'os

results of PZ as des."bed above are Inclue.lIn zoztrast to P2 the ?~ott aa

metcr refel reselts in a veloc-ity tine Profisle which s-tcys .lloeloi' the vma,
and- offers t:-e add-ed adrantAj of a raceinrease b7 eaat Also nr

5 an~d Fiure- 6 are the r:sults of a trajectory lnlto asss-ing con-tlrnus

capabIlzItz of t thesssn This- ez *1 : =i. - t..

ren p__-_es be ]onm:e and ctillrmes cubic ft. ncti'en to connec-_t-

discrete va -e as escrlbed In Ficzre t--_ t~ ?icrure S tht.s con-ti&_s"-c

con-trol r-is -- am it!4al 'reltcit- dcre-ase to* 'a'z- -Mi is roeg-hy7ntmt-

thromgcmout tme mag -. p0.-on of the first flightRuo tI t~ and then is .pam

increasovi t-- a eea% val=,e at t - t requIred tor-a-- the zvedA fied tennin

durig th dr"a flicta phNase t -f -t a a erlde-ni fin Tare nztw
vocit v- 'e -a th - aaa__ . n h csor

is swe'aa -rV for ca&se 73. EMrer. t-e neat reloc-SA tr 7 occur Short

period of X c st to tze e Paol and I ' . n thAt cn:str

liq ldhaacasagco afr hilher zxs 4ddnWets Ashr

afr ;-.e. Tmx conICd possibly- be tn'leAts-l. 5 ... h cnlnns.e. -

of O 71 r 't ' a-a becef% It n 4-.3 PE-- cFsed tno thte rageC prfoac

achevd y St-.t Por sett.nq n' "e' y mOtZ he IesbeI. For the PTO- Pars-

zbetesisxatiom the %1e' '1ev~ zsns steasm-lv to a naslass_ gaetirre 41 -m-e-t- Is

maiaaln~~rin th -wbastgfisan Tbe1 -laleP r ti Ises the msoa

possile pr. tan f lw trzng tans flea:_ flit sent

I= tbei~de frt eto w cmms:Adsr e-1e's af -o-g-e r~ca es. i .e.

th e ralt~-l nl s aletto z"mm to a mee ffzctent cr515. -AtItede.

he Stared th4 ~e cit-4 _--d lee sv ay 1-c parltio*ed tact hero

sevweral ofh ~ desizred vomtazr "osz~ P-tn _lea . taNis ".te at -- r three-

ci i&-nsnec .tre derntsfle~t ~h es wzd 4st -a sa~~'1

c*aom pas L-. ha ei-es opotossed It-as . 2-arterira* N.-M fue'l f lo. -;It: andanl
.. f attachaetrl Ilkrver. I= vmrd- to ra ce the tat :enal, esjend * tare =wnry

zt0$ Z"s .. ec~ tze dtat=s.om of the, pa-incter ce P was eg e to toi I-

in c -misf -sqIrm-tz. zz .. sere vxaples -- e simliflmq- asa,,amof

1-rdl l q_ 1.21 z- asS 1 (Iiere cftr -- the corrvtn ptmrdvts f

pa-rmiWas ~ m o and tans imcnded frtm the Parasrer veto . mrical

cm~arisafw::ts eas accrorac-. :*-s ' a 0.4 Percent of the s-I e e

for estmla'onof zzsterest.

flqure; 7.us~cazt.--te histories- of .. gh at~e hmn. velocity nt) and

~~ w..t.. 'MI*S trak,-ect---f Iore~ to r-s~e se Irr s

2r I-na f1iphT distance sllateral sc:eratles AL, 2. regarding bln ooaa
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cruise occurs at the na=xinal allowed altitude. There is5 a =:all violation of the ititude

constraint hnxat the begimnnInq of the cruise secrent. Tids violation could be cancelled

at the expenditure of additional coputing effort, however, it was Considered to be
tolerable. The vel-ci4ty Um history shows a Continuu Inraeoriotecuiecae

indicating that wit teretcodio nseAdy state is ahievable. The ragcnitude

of vct) undergoes rapid chancmes during the descent and -al sk -- n Pase- Its n---&

fro= Figure Z that f-Iflew rater i.e-. thrust, is increase alreaAv durim the descent

phase. Thus, veloci11ty as Increased during the final oorro odescent in= order to Cancel

the deceleration of thIe w-eaving, flight set-ment and to flee-t the_ boundary condi tionv,

Th.e recovery temperature increases accordinalv and hit T_ Max ni o asotie
Onceagai, ths vilaton -Could he further decreased bq & acctzonal connotation but was

considered accentable. -h rorresnocng Cotros a-reiern

the fuel flow control. vnic- As pareteriz&d bv ee'- t ln se---s. it is

noted that fuel flow isse-ilvreduce_ du A.. -li- rsIs -i- contrast to C:e

classical steady State r~f~~_-.e analyrsis an to -.e 0 n renar
throttle iS founId to bm----us--= sznula tmd-Z -j ex-pl- t~

utilization of maxi4__fZe resua-ts in a -'ltin ef 1nl.%tcnsraint

I Csad -er-e Is es--'-e. It ra-y be t--c t. -- e- ."
-orrespon _.x.a -.. n vleo sc

fliht ex - --i. vienaeve . a..a'nl"

w~hich ou-rs dar51- ---- i ije s locwe. th sma-- of P4.- -e S

5-0 owu rates C- b~ T-rc.ca- esult

for such - iht stzwa _ea theech n-all der- 0 ~ a-- '-ow rat

cring cr-msc a zr- eattd ang-es o-f-~-

I!tv -

Flutesz to re-itz of scnrit~t Mar- . Rance

r -ritv to, =aiv~4_ t.o Ja-* d-5.-a -

weaving f a--vr n ~-~"-- -a- 'Zz

resulIts a-- 4=~ UOI rk- =-tinlS).

flow cant-m Utm tssnduchnt o a taL_-='

flieht altizm - 3 of 22r stv a' -f

:±rst ex=-l rz-s Aflflow rate '-in -s 1=al CI:bt --T

Cruise fte can_ I m h ot-I- z_ sma -nd4_rz

a-d -eSre... f-- flow is tht. ue esue ,

Fla- This Ir-ig i ae.Ct a ceteriorat_- 0i ~ p-merosceb

6-t eecn.Tes'' aldr iqu-re 11 c _-- --__I: aax

rate ftrince r _ s~al 1 a-- optIat-tir_ f_-el ftew rat crumise a-_- descen-t and
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DISCUSSION

H.Wittenberg
Thec optioium control for maximum range, which you have shown in your examples, seems rather complicateti to
perfor in actual flight. T1his is often the case for soltutions. which ame found by optimiza~ion theory. Have you
co'iqpared your optimum range wi~h the ranges% hich are obtained by simpler contrcl functions. which approximate
tlhe 'deal ones?

Author's Reply
Some examples of trajectory simulation results utilhzing simple controls are _-iven i-i the written paper 'Fhe
simplified cc-strols result in a range performance decrease of abo--t 5 to 10 percent when roinp',red to it., optimal
solution. However, the niain advantage, of the more complex control programs is seen in the fact that these controls
cdfn be adjusted such as to avoid violations of the operational constraints.

The problems of on board implemoentation of the contro: solution has not been considered,

T.13ell1inger
Have you considered using your method with fe-Aer constraints. parttularly with regard to the alttude lim.its which
seem a little low? If this were higher, wvould the throttle limits still be crncounzered? If suich were tlte- ease. I wendcr
if you would encounter a miore continuous control for both the angle of incidence and for the throttle?

Author's Reply
Both the altitude constraint and the throttle limits imposed oin our problem are due to mission requirermnts and/or
due to the characteristics of the propulsion system. We have considered higher altitude trajectories: however, the
altitude had to be resticted to the range of available propulsion data, which is limited with respc:t to height.

Also. for a wide range of trijectcery optimization problems, we have neglected the constiaints on throttle ratio,
Allowing higher altitudes and ncegleIcting-- the profellant flow constraints would result in th. saine structure of the
flight profile due to she control model chosen and hence svotid not charge the characteristics of both the angle of
attack nod the throttle control.

Comment by R.Marguet (in French)
Application studies in France have showvn that going to higher altitudes helps the optirrizat ion of range. The
imnprovemnent in range at 2O to 22 kilometres is closer to I 1; thin 51,.

Author's Reply
Well. I think it doesn't make much difference whether I use trajectories for several maximum altitudes in. the range
between 10. 15 or 20 kilomctres. It doesn't make any difference to the optimization effort. Thei reason why vwe
constrained ourselves, to this range is that we %ere considlering dutmcd rockcet ramjets with restricted throttle
capabilities.
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SUMMARY:

For the axisymmetric base flow problcm in presence of an exhaust jet a study is carried out taking into
account essential physical parameters. Using the method of characteristics ror the iniscid flow regions
and Korst's treatment for the turbulent shear layers, the influence of the approaching boundary layers
is introduced by the concepts of equivalent bleed and origin shift, an

4 
the ONERA angular criterion is

used for the recompression process. With respect to the interference€ in the confluence problem of inter-
nal and external shear layers special attention i3 given to the morentua terms in the ONERA criterion and
a m-dification is performed in order to achieve agreement of boti' reattachi'ent pressures at the confluence
point. The investigations include separation from conical boattails by applying a simple separation
criterion and extend to small angles of attack by computing the inviscid flow with the aid of a linearized
cbaracteristics method. Furthermore, for the axisymetric case a first result is provided from numerical
solutions of the full Navier-Stokes equations which are presently calculated in order to gain deeper in-
sight into the flow structure.

1. INTRODUCTION

The importarce of the base flow problem with respect to performance of missiles is obvious since a great
part of tne total drag might result from the afterbody if its design is not optimal. Therefore, the after-
body contains frequently a boattail for drag reduction (see e.g. /1/). But the increasing pressure on the
surface of an axisyimmetric afterbody when the diameter diminishes leads easily to separation. Once the
flow is separated the stability is affected because the separation position moves asymmetric in consequence
of a disturbance in the angle of attack. Additionally, in presence of an exhaust jet the separation re-
giuns may be largely extended due to high internal pressuru resulting in loss of control if the control
surfaces are covered by the separated flow.

1 the past some authors developed prediction methods for -nis complicated flow problem in the axisyme-
tric case by use of a component model (see e.g. the survey paper /2/), based on the approach of a simple
downstream facing step. The supersonic backstep problem can be calculated in the following way. For a
trial value of the bxse pressure p , which is assumed to be constant in the stagnating separated regions,
the inviscid boundaries of the bas region are determined by the method of characteristics. Then a viscous
shear layer is imposed on each boundary and the streamline discriminating between the external mass flow
and the mass being reversed to the base region can be found. Finally a closure condition must be formula-
ted for the reattaciment crocess using the flow conditions on the discriminating streamline. By iterative
improvement of the base pressure this condition is fulfilled and the solution is found. The first success-
ful closure was accomplished in the theories of Korst /3/, Chapman /4/, and Kirk /5/. They assumed that
the f'w on the discriminating streamline stagnates at the reattachment point in an isentropic stagnation
process and that the corresponding stagnation pressure is equal to the static pressure far downstream.
While Korst predicted the base pressure satisfactorily for the case of turbulent shear layers without any
account of an initial boundary layer at separation, Kirk has already introduced an approximation for this
feature. Detailed analysis of experiments showed the quantitative succe:s of the first approach of Korst
having been due to the fact that two effects cancelled each other approximately, nairely the neglect of the
anproaching boundary layer and an incomplete pressure recovery at reattaciment /6/, /7/. This knowledge
led to the construction of angular reat.achment criteria which produce good results in connection with
initial boundary layers.

The more complicated problem of a flow over an axisymmetric afterbody containing a centered propulsive jet
has been treated by Addy /8/, who applied the ideas of Korst's restricted theory on the confluence of the
two shear layers. But for good agreement with experiments it was necessary to modify the original recom-
pression criterion by an empirical recompression coefficient depending on the ratio of nozzle radius to
afterbody radius only. Further investigations for boattailed afterbodies led to modifications of this re-
compression coefficient introducirg further parameters for such cases /9/. Since such a procedure cannot
account for all physically important influences, especially not for a Reynolds number dependency, it led
sometimes to still unsatisfactory flow predictions. Hence, it was decided at Dornier to introduce the
boundary layer corrections in combination with the ONERA reattachment criterion into that method and to
study the sensitivity of results to changes in uncertain empirical parameters or in differences concer-
ning the treatment of the approaching boundary layer /10/. While this procedure corresponds in essence to
the ONERA calculations for cylindrical afterbodles /11/, the addition of a first approximate account has
been made for the interference between both shear layers during recompression. The present paper continues
the previous investigations by additional discussions which are stimulated by an excellent survey paper

given recently /2/.

x) This work has been supported by the German Ministry of Defense
under contract RUFo T/RF 42/80014/81413
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If the external flow exhibits separation already on the boattail surface in consequence of high ratios of
jet pressure to external pressure, a simple separation criterion has been included into the method /9/
extracted from many experiments on upstream facing steps /12/. Further evaluations of experiments indica-
ted the importance of incipient separation effects /13/ and thus led to a modified version of tne separa-
tion criterion which is presently used.

Only a few investigations are known which deal with angle of attack effects for afterbodies containing a
propulsive jet (e.g. /14/, /15/). Restricted to small angles of attack for avoiding lee side vortices t0e
separation line nas been calculated in ref. 15 by neglecting the angle of attack influence on the invis-
cid external flow. Then, the variation of the separation position in circumferential direction followed
solely from changes in the separation criterion due to corresponding changes in the boundary layer thick-
ness known from the experiments /15/. In the present study the angle of attack influence on the external
inviscid flow is added by linearizing the angle of attack effect with respect to the non-linear axisymnee-
tric solution. This approach uses the well known linearized method of characteristics (see e.g. /16/) and
is justified by restriction to sufficiently small incidence excluding the shedding of lee side vortices.
Knowing the inviscid pressure and Mach number distribution and the three-dimensional boundary layer deve-
lopment, the base pressure and the separation point can be calculated for each meridian plare separately.

Since a base pressure calculation with the aid of the component model requires a lot of empirical para-
meters, which contain more or less uncertainties, the results are somewhat uncertain, too, if no further
detailed experiments become available. Hence, the progress in numerical solutions of the Navier-Stokes
equations suggests the use of these methods (e.g. /17/) in the present context in order to get further
insight into the details of the flow structure. Although such numerical solutions may include some un-
certainties, too, due to deficiencies in the knowledge about the turbulence structure in separated regions,
this way is at present pursued at Dornier for the axisymmnetric case and a first result is included in th
paper.

2. COMPONENT APPROACH

2.1 xterml InviScid Flow

Assuming homentropic flow and prescribing trial values for the base pressure p and the separation location
the external inviscid 'low in tne axisysetric case is computed with the -,d oY the method of characteris-
tics for potential supersonic flow. Hence the separation shock (Fig. 1) is represented by an isentropic
compression and lip shock effects cannot occur, which were supposed to cause considerable effects /18/ and
could only be calculated by methods of characteristics for rotational flow. Correspondingly, also the
inviscid interral jet flow is calculated, assuming it to be uniformly conical if not known otherwise. At
the implngee't point of both inviscid boundaries of the separated base region a system of two oblique
shocks is presumed for determining static pressure and initial slipline direction behind the confluence
point.

For cases with angle of attack additional characteristic equations have to be solved for the disturbances
of Mach number and flow direction due to the incidence. Fortunately, the partial differential equation for
the disturbance potential is linear and it exhibits the same characteristics in the physical space as the
quasi-linear equation for the underlying axisyimetric case. Therefore, the numerical procedure is straight-
forward once the axisymmetric solution has been found in an iterative way. If the basc pressure varies
in circumferential direction, the parts of the inviscid flow fields which are influ-nced by p must be
calculated separately for each meridian plane, the axisymmetric solution implicated. In appligations of
linearized characteristics methods discontinuities appear in the solutions .hen those characteristics are
crossed which emanate from contour points of discontinuous curvature or discontinuous slope. Fortunately,
the influence of these discontinuities concentrates on local zones while the global effects remain
negligible. More details can be found in Ref. /19/.

2.2 Shear Layerl

The method imposes two-dimensional shear layers on the three-dimensional inviscid boundaries assuming an
asymptotic error function profile for the velocity distribution in the shear region. The local breadth
of this layer depends on the distance of its origin and on the spread rate parameter, presently used in
the form of Korst and Tripp /20/ as a pure function of Mach number M

d 12 + 2.758 M . (1)

Since the experimental values for o-exhibit large scatter, the influence of that scatter has been studied
in /10/. Because the pressure is presumed to be constant and identicol with the base pressure across the
shear layer, the density profile can be derived from the velocity distribution under the assumption of
unity turbulent Prandtl number. This correlation follows from Crocco's relationship where non-isoenergetic
cases are admitted with the stagnation temperatures in the external flow and in the separated base regionSbeing different /21/. Hence the principal treatment of hot exhaust jets is provided in the method /8/, but
presently no use is made of this facility since the poor experimental information on those problems affects
the reliability of corresponding predictions. The location of the velocity profile with respect to the
inviscid boundary is found by fulfilling the momentum conservation law while the mass conservation fixes

the position of the discriminating streamline already mentioned.

If an approaching boundary layer is present it undergoes a rapid expansion at the separation point or arapid compression in case of a shock. This event can be calculated with sufficient accuracy by a simple I
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for-mula of Nash /22/ for the change of the S-ouentum thickness

1 92a U2a lZa (2)

with the subscript a denoting the inviscid flow outside of the shear layer. Differences between eq.(2)
and other treatments can be shown to have negligible influence or the oase oressure. Introeuc-g the
initial disturbance by this layer and adding a bleed stream into the base region, the momentum and =ass
conservation laws yield that the position of the discriminating streamline and hence also the velocity on
it depend only on a general bleed coefficient.

q LI 9aia 9al 3

where m iz the mass flow and i the momentum of the bleed stream. The length L consists of the length of
the mixing layer from separation to inpingement and, in addition, of a virtual upstream displacement of the
shear layer origin due to the finite thickness of the initial layer. In that way eq. (3) contains the
classical concepts of 'equivalent bleed" and 'origin shift" vhere the origin shift is presently carried
out by the experimentally well proven procedure of ref. /23/. The present forwulation of C (3) is sllght-
ly different to the original one of the ONERA (see /2/ or /24/) in order to make the recoression crite-
rion formulas independent of e (see '10/).

2.3 Recm.ression Criterion

Many efforts have bean undertaken to model the recompression process properly 12/. From an engineering

point of view the well established OWERA angular criterion is very convenient /6/ because it gives simpie
correlations and contains comprehensive empirical informa3tion. It is based on two experimentally evident
facts for simple backsteps. Firstl), the recompression deflection angle for the restricted case of no
bleed and no boundary layer T cannot be predicted theoretically but must be taken from experiments. For
isoenergetic cases this liniting angle is a pure function of the outer flow Mach number shown in Fig. 2.
It is very close to the corresponding angle calculated from Page's criterion /7/ -n the important Mach
number range (24-Ma 6 4), but differs essentially from Korst's restricted case. The limiting angle is well
approximated by the hyperbola given also in fig. 2 /24/. Secondly, the changes of the actual recomprossion
angle i as function of the general bleed coefficient C (3) are well predicted by the theory of Korst which
gives an analytical exoression for the gadient of iydpending again on the Mach" n-mber alone for isoerer-
getic cases. Therefore, from the first two terms of a Taylor series expansion

Vr~ v- 1~ .).C (41

CqO

the general bleed coeficient C can be calculated which states by eq. (3) a balancing condition between
approaching boundary layer and 9ase bleed. For a simple backstep the base pressure pa is now iteratively
improved until eq. (3) is fulfilled while for the two layer confluence problem eq. (3) gives an expression
for the flux leaving each shear layer between the discriminating streamiine and the streamline which sepa-
rates the original external mass flux from the entrained mass, the so-calleo J-streamline.

Whereas this procedure signifies an independency of the reattachment pressure development in both shear
layers except with the final pressures being equal, the treatment has been modified in Ref. /I0/ with

respect to the expected interference of both layers /10/ In reality already the pressures at the confluen-
ce point must be equal and that comon pressure can be affected by the downstream flow conditions only in
a very restricted manner /25/. Hence, instead of prescribing the reattachment by the inviscid flow direc-
tion behind the trailing shock system, the reattachment pressures - identical with the stagnation pressures
on the discriminating streamlines - are required to be eqtil for both layers implying a curvature of the
slipline between reattachment and final direction. The resulting reattachmeent direction accounts in a first
approximate form for the interference between both reattachnent processes in the confluence problem. This
procedure is called 'modified ONERA criterion" in the following.

2.4 Mass Balance and Final Solution

The Sum of the entrained mass fluxes leaving both shear layers az the confluence point in addition to the
original external and internal mass streams mst be balanced by an eventually present base bleed

m +m m. (5)
e 1

Also if no real base bleed is present, eq. (5) permits in general a mass stream through the separated
region from one shear layer Ao the other. The determination of m or m from eq. (3) requires therefore
an estimation of the corresponding momentum term i. While this tm hal been neglected in /10/, it seems
to be of relevance in the corresponding O ERA calculations /2/ and its effects are therefore investigated

isome detail by the present study.

If both shear layers are treated independently the mass m and the momentum i can be taken from the outflow
-of each layer. This way is denoted by "momentum terms without interference" in the results presented.
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However, in the important case of no base bleed also the bleed terms in eq. i3) for one of the shearlayers can b understood as a result of the negative bleed due to the outflowing -ass in the other layer.

/4 1 That method is presently characterized by 'interference eomentE t-E.ms' since it models an interference
influence between both layers in addition to the mass flow interference (S).

Finally, in all cases the solution can -e found by improving the base pressure until eq. 15 is fulfilled.
In tae non-isoenergetic case which means different stagnation temeratures in the external and internal
inviscid flow the solution could be fourd by using an additional iteration loop in order to fulf-ll the
energy balance for the base region. Although Addy's method provides this facili , no attempt has been
made to compute those flows since the ONEPA criterion has nut been established for such cases ano only
few corresponding experiments are known.

2.5 Searation Criterion

Zukoski extracted from many exoeriments on upstream facing steps in supersonic turbulent flow the relation

/12/

P = 1 4-C N(6)Pi

where the subscript 1 denctes quantit-es ismnediately upstream of separation and p means a plateau pressure
developed downstream in the separated zone or the final pressure immediately upstream of the step depending
on the value of the constant C (0.365 or 0.5 respectively'. But eq. (6) did not lead to generally good
agreement with experiments and when recalculating C fro= experiments, a strong variation of this constant
was found ;f the separation point moved within the rearward part of the afterbody /13/ as shown in Fig. 3.
Since the values of C could approximately be reduced to a single curve if they are plotted against the
distance from the base plane divided by the boundary layer thickness, these variations could be assigned
to systematic incipient separation effects and could be approximated by the relation

V(7)

where s is the distance from the base, & the boundary layer thickness ard C. and,- two constants which
approximate the experimental findings best for the values 0.5 and I respectively (Fig. 3).

Since MI and pl in eq. (6) for an arbitrary position of the separation point are known fr- the inviscid
solution, eqs. (61) d (7) relate the base pressure uniquely to the separation position. Hence, in tie
solution procedure the iterative change of the hase pressure could easily be replaced -by an iteration of
the separation point without affecting the rest of the solution pracess.

3. RESULTS OF THE COMPONENT APPROACH

3.1 UXiindrical Mfterbodies with Separation at theBase

Figures 4 and 5 contain comparisons of the theoretical base pressure plotted versus the ratio of nozzle
exit Pi to external pressure pa with FFA-experiments /131 where the data of the nozzle boundary are un-
known. The case of Fig. 4 was used in /10/ for co-parison with all variants o' the co-ponent model dis-
cussed in that paper. The best result was obtained by applying the modified ONERA recospression criterion
in rombination with the other components as indicated above. This result is represented by the ;olid line
in Fia. 4. Changing over to the usual ONERA-criterion but including interference momentum tenS (dashed
line) leads to the deterioration of the predictions by a lrge &wunt in tlhe directions of the original
Korst criterion of isentropic recompression up to the final static pressure. How-e-er, introducing the
momentumn terms without regard to the interference (dashed-dotted line), being identica! with the ONEPA
results given in /2/, the results achieved ere for small pressure ratios similarly good as with the modi-
fied ONERA criter*on while convergence failures occured for hig;4 pressure ratios just as in the Addy
method which considerably ,nderpredicts the bese pressure. The converoence failures cnuld be shown to be
due to the fact that the necessary flow deflection in the external inviscid flow at impir Jment exceeds the
maximu, possible deflection angle in an obliqu shoak. Perce, this proble is probably related to the
experimental observation of embedded normal shocks /15/ ,tsultii1 in a flow oattern similar to the well-
known Mach reflection.

Fig. 5 shows a further FFA-case having a higher external Mach numer. Now only the mwmentuz terin without
interference are used and the conclusions are analogous to those for fig. 4. In addition, a result is
presented for the modified ONERA-criterion including momentum terms whicn leads to a further improvement
of the predictions. However, for high pressure ratios essential discrepancies still remain which can possi-
bly be attributed to lip shock effects /18/ being not calculable with the present method because of the
restriction to homentropic flow in the inviscid regions.

Fig. 6 depicts the comparions with an ONERA expc: iment for two different Mach numberii in the nozzle
exit which has a relatively small diameter /2!. Since tne data of the nozzle bounreary layers are known,
they are introduced in the calculations. The ONEF.-criterion including momentum terms without account for
interference leads similarly as the ONERA theory /2/ to good agreement with the experimental values up to
tne high press-ire ratios of the case Mi = 2 while the modified OMRA shows slightly higher deviations and
the intererence -momentum terms cause large discrepancies, rig. 7 a~ain presents a comparison witI' an
ONERA experiment which agreed excellently with the ONERA theoretical prediction. /11/, v.e ONERA theory
almost coinciding with the Addy-curve in Fig. 7. The oresent method overpredicts the bNse pressure some-
what, al3o if momentum terms without interference are used in the normal OXERA ceiterion. In order to give
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an impre.siCn how the very thin nozzle boundary layer, which is regected in most investigations, affects
the base pressure, corresp -AiPg results with and uithout internal bovm-ry layer are gi-en in Fig. 7.
Although the internal bo-undar" layer is about an order of magnitude thi.mer than the external one, it in-
fluences considerably the base pressurc.(The complete experimenm"'l -t for this configuration are kn n
from private connunicat-';0-I

Summarizirg these results it may be stated that the mmentum term in the reccrression criter'on are of
obvious imortance. &At biecause of doubts en the correct way to introcd-ce them a further uncertainty
arises in the method in addition to those already discussed in /10/. Further-ore, the nozzle boundary
layer appears to be always of reasorable influence also if it is extre-iy tiin. hence, in order to remove
uncertaintics from the prediction methods further thoroughly perform--' experiments are urgently needed
whi;h give detailed insight in the structure of the flow ficld for the two layer confluence problem. With
regards to these aspects also r'-erical solutions of the full tine averaged .iavier-Stokes equations can b;
very helpful.

3.2 Results for Se9aration fro rCnical oattails

according to Fig. 8 a good prediction of the separation point is achieved for all boattail angles.of the
FFA-axperiments /13/ i-i the rear part of the afterbody using the modifications of the separation criterion
discussed above. But disagreement takes place in fo-ard positions which is caused by the sensitivity of
the separation criterion to smll base pressure variations and by differences between theoretical and ex-
perimental pressure -nd Mach mn--er distributions on the afterbody due to viscous effects at the body-
boattail junction. ne results of Fig. 8 are achieved using the eirical recompressior coefficients for
conical boattails 19/ which give -specially gd results for the FFA experiments. A change to the more
physical.y based approach described in section 2 Krsens the agreement between theory and experiment, again
revealing the sensitivity of the separation point position to snll changes in the base pressure.

Fig. 9 shows the corresponding results for the coeffictet of the total afterbody drag C, plotted versus
boattail angle fe with the ratio of internal to external static pressure as parameter. The agreement
with the experiments /13/ is cood for small boattail angles ad low pressure ratios where no sepa.'aticn
or only incipient separation is present while the predictions become worse if extended separation regions
occur.

In conclusion these results for boattail separation also establish the need for further detailed experi-
ments andior Havier-Stokes calculations in order to explore the sensitivities showm and to improve the
reliability of the predictions.

3.3 Angle ofAttack Results

First, for verification of the results from the linearized characteristics m.thod a calculated boattail
pressure distribution is cr-pared with a corresponding exoeriment /14/ in Fig. 10. In three meridian planes
which can be identified easily with the aid of the princip.l sketch given in this figure, the differences
between the pressure coefficient of the angle of attack case and the corrzspording axisymmetric case is
depicted versus the distance from the body-boattail junction. The results show clearly the principal ad-
vantage of linearized characteristics method ("present method', compared with thc usual linearization for
supersonic flow ('linearized theory'), which means a linearization based on the undisturbed parallel flow.
The present method represents much better the tendency of the measured pressure_ than the value: fr
linearized theory which are constants in each meridian plane. Nvertheless, in the rear part of the after-
body the dgreement becomes obviously poor because of boundary layer separation. But one must not be con-
cerned on the following comparisons with FFA experiments from this point of view since the corresponding
afterbodies extend only to one caliber behind the body-boattail junction. Powever, other discrepancies
appeared in these measurements as already pointed out in Ref. /13/.

The boundary layer data needed for the separation prediction are taken from the experiments at angle of
attack /15/ but these data are available only immediately upstream of the afterbody. Fig. 11 shows the
calculated pressure distributions on an annular base of a conical afterbody comared with FFA-experiments
/I5/ for different ratios of jet pressure to external pressure. In general the experimental trend is
approximated satisfactorily by the theory. For cases without separation on the boattail surface
(pi/P -I) the theoretical base pressure distribution compares well with the experimental pressurc aistri-
bution at the end of the afterbodyand the agreelent between theory and experiment is better by use of the
empirical recopression coefficients /8/ than by use of the more physically based approach ("fundamental
influence parameters'). This inaccuracy of the last ..entioned and above discussed approach is probably due
to the unknown changes of the boundary layer thickness Over the boattail surface. For higher pressure
ratios only the recompression coefficients are used because of the worse separation prediction by use of
the more physically based approach as mentioned above. The predicted base p-essure distribution exhibits
little sensitivity to changes in the separation criterion as can be seen by comparison of the calculations
using the real local pressures and Pach numbers with those based on the underlying axisymetric data.

In contrast to the base pressure behavior the position of the separation line is considerably sensitive to
such changes in the separation criterion (Fig. 12), especially in the forwar' part of the afterbody.
Fig. 13 shows a comparison for the inclination of the plane going through the outermost leeside and wind-
ward side points with the measured inclirtion and with the simplified calculations ty neglecting the de-
viations from the axisymetric case in the external inviscid flow 1IS/. Obviously, the present method gives
worse agreement for the higher pressure ratios but for a final judgement further details on the e xperl-
mental separation line are needed.
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In conclusion. for the angle of attack case tne rel iabilIity of tepredii tions suffers evern ore than in
zhe axisy etric case iron the lack of detai led experimerwa information. avier-Stokes solutions couOl not
,e. be rrovided because of the high coanputational effort needed for fully tree-dii.ensional calculations.

SOLUT!=M '-F THE FULL RAVIER-STOKES EQUAT!0IS

A.'fher approach to the afterbody problem is to selve numer-ically the time-dependent. comspressible !4avier-
Stokes equations with time-averaged turbulence structure /26 .The plan~ar two-dimensional cmputer program
developed by S. Beiwert has bees. modified by J. L. Jacoc-ks 11-1 to erable cc tutetion of axisymnetric flow
over nozzle afterbodies with either real or simulated piumes. The basic rnie-ical algorithm is the expli-
cit predictor-corrector scheme of MacCormack. Turbulence modelling is accomplished using the algebraic.
two-li er eddy viscosity modeo of Baldwin and Lomax with a local modification as a function of vorticity
described by Jacocks /171. This method is presently being evaluated at Dornier an! mc4ified to accourt for
the more recent scnaemes of Ref. 127/ aro Ref. /W.

The mesh generation is fully automatica-lly based on. a plt--e shape guess, the missile shape and en x-station
prescription as a C-type me-sh. Syetr;y is ensured by mirroriae volumes at the centerline. The mesh
consists of a ,'Fine mesh with a first cell size scaled with ~V~ nd totally 20 cells to re-present the
viscous dominated region and 15 cells for the outer mainly inyiscid region. Fig. 14 depicts the mesh being
used in t"-e preseat example. Zero-slip conditions at solid surfaces are applied using the reflection
principle on viclocities. evaluetiyi of the nomoeal momentum equation for pressure, adiabatic wvil condi-
tions for internal energy. and the eqluation of state for density. Inflow boundary conditions are fixed in
time at th,3 initial free stream conditions as is the upper boundary condition. The outflow or downstream
bovrndary cordition is updated assuming zero gradients in the streawise direction. For the supersonic
real-plumne calcuiction, the nozzle conditions are fixed to the initial supersonic jet conditions.

A s indicated by fig. 14, the shear layer between jet plm and separated base region is not satisfactorily
resolved in this preliminary test computation. Hcnce, no definite base pressure could be achieved and- the
calculated pressure exhibits considerable scatter immediately behind the base (fig. 15). The velocity
profiles of the body boundary layer and the external shear layer (fig. 16) are well represented~bt tt-eyare
wit-hin the expected imingement region fxI0z9.3) still far from the asymptotic form presumed in the
ccaponent movdel. Therefore, this firs't result provides already a valuable insight into an aspect of the
shear layer development which may cause considerable deviations from the componenat model assumptions.
Further 7work will be done at Dornier in the near futuie in order to model properly also the second shear
layer bounding the separated region.

5. CONCLUSIOeiS

The component approach in tr.e present forma allows to account for initial boundary laoyers and leads witt tie
aid of the modified IEPA angular .riterion to reasonable predictions of base pressures in spite of a few
;,remeters and components remaaning still somewhat uncertain. 'he separation point on boattail surfaces
can be satisfactorily determined for the incipient separation range. For small angles of attack the calcu-
*ated circumerential behavior of the base pressure is in agreement with experiments while the calculated
separation lines sem to be less accurate. in order to improve the prediction method, additionl detailed
experiments are needed with respect to the confluence of two sheer layers, to the separation on boattails.
and to the angle of attack effects. Corresponding numerical solutions of the foil lNaiier-Stokes equations
can, be very helpful, too, although then other uncertainties may arise from turbulence modelling in sepe-
rated regions.
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DISCUSSION

Do you have an idea as to whether your mrthod can be used with a hot jet efflux, auid do yott know of or plan to
carry out any new experiments using a hot jet efflux?

Author's Reply
We do not intend to carry out such experiments, but we appreciate if research establishments would undertake
datailed measurement; on th::t subject. In principle, the method is capable to treat hot gas effects similarly as
Addy's method. But at present. the ON13RA recompression criterion accounts only for isoenergetic cases (equal
stageration temperatures in the jet and in the external stream). Hence, we need fsurthuer experimental information
in order to make the predictions reliable for the case of hot~ets.

.J.Berard
L'auteur peut-it preciser si, A son avis, le mod~le sue culot qu'il a d6velopp Iest capable de traiter le cas des jets
rdactifs? en parliculier, dans le cas de-, -noteurs-fusde 5 propergols solides, les gaL de combustion sont ruducteurs, et
la pr6diction de la post-combustion eat tin probldme important.

Author's Reply
I think that in principal, it could be introduced, but we don't know details of the hot gas effect on the recompres-
sion process.

z7
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SUMMARY

Experimental studies are reported upon concerning base and external burning behind an axisymmetric bluff base

body in Mach 3 flight. Pure hydrogen and hydrogen diluted with C0 2 , He and N2 were the fuels. A variety of base

configurations were used and external burning used radial j'.t injection with both subsonic and supersonic jets. Some wind

tunne! interference problems arose which limited consideration of the results to base pressure elevation to free stream

Static pressure. A maximum performance condition was identified as a line in Isp - base pressure rise space which was

achievable with all configurations and combinations of base and external burning. The major determinant of ISP

performance is the total heat dump rate into the wake, and only minor differences in performance result from

configuration and fuel type details.

INTRODUCTION

There are severdl conceivable missions for bodies in supersonic flight where drag reduction would be beneficial.
One method of achieving such drag modification is by external or base burning or a combination thereof. Various spurts of I
attention have bee-t paid to these techniques, with the latest concerted effort having taken place recently.

In external burning the idea is to inject a fuel peripheraily from a body in order to place it into the more-or-less

inviscid stream external to the near wake. The compression waves from the combustion in the supersonic flow would then

impinge on the largely subsonic near wake and elevate the base pressure. In pure base burning the injection take- place

into the subsonic near wake and combustion elevates the base pressure by increasing the stagnation temperature of the

dividing streamline. This in turn destroys the capability of the fluid to sustain a reattach,.,ent pressure rise and the base

pressure tends toward the freestream static pressure. In pure external burning there is, in principle, no such constraint on

the base pressure and levels above free stream static pressure could be expected.

Analysis( l ) has revealed that with pure external burning the specific impulse performance is quite poor for large

base pressure rises. This has been confirmed experimentaly. (2) However, analys;s(3) and experimentation(2 )have

determined that a) for low drag reduction pure base burning is -fficient and b) the combination of base burning and

external burning may be attractive for moderate drag reduction.

Through a sequence of programs, starting with cold flow manipulation of the near wake and progressing through

burning tests, this laboratory has gathered substantial data on external/base burning phenomena. The purpose here is to
draw this work together and attempt any generalizations which may be made.

TEST FACILITY

The blowdown-type test facility was designed to simulate the base flow for an axisymmetric body at Mach 3 with a

bluff base. The Reynolds number, based on the base diameter is 3 x 10'. The test section is shown in Fig. I. The hollow

cylindrical model is supported in the ducting upstream of the nozzle where the Mach number is 0.07. This virtually

eliminates support effects. Gases for base injection and instrumentation leads are ducted into the model through the four
support struts. Base pressure is evaluated as the average of five pressures measured on the base plane. The tunnel flow is

not heated and the stagnation temperature drifts downward from about 483K to 433K during a typical run. Several

pressures are measured on the model and tunnel surfaces to ascertain that flow conditions are repeated from tet to test.

•-A.
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A computer based data acquisition ystem controls testing and data retreival.

i7 ~-
From time-to-time a traversing probe is inserted into the wake to measure pitot and static pressures wnd stagnation

temperature. This is especiaily crucial when wind tunnel interference effects are to be studied. In this regard, noting Fig.

1, any reflected wave frurn the base lip will reflect from the tunnel wall and rentersect the wakc at 9.3 base radii

downstream of the base. If the wake it not fully supersonic by this station, it is possible (aid likely) that the bas- pressure

will be altered by this interference eliect.

The base configuratio.s studied are shown in Figs. 2 and 3. Wih peripheral injection for pxteiial burning both

supersonic and subsonic jets were used. Moreover, bases with and without a circumferenflal channel (for flameholding)

were used. For pure base burning, a simple porous base plate was used. Cne other base plane, not shown, injected the

hyerogen rafially through a circumferential slot, since this was a configuration tested in Ref. (3) at Mach 2.1*.

For foreign gas dilution of tle hyorog n the facility is equipped to mix CO2 , He or N2 with the H2 upstream of the

injection positions. This dilution was used to investigate the effect of injectant molecular weight and effective fuel

heating value (hRp f

RESULTS

The specific impulse (ISP ) is defined as the change ir. base pressure with and without ir jection times the base area

divided by the injectant flow rate. That is, it is the drag ciange divided by fuel flow rate. The base pressure, Pb ' and the

free stream static pressure, p,, are determinants of base drag. If FbZ p, base drag has been eliminated.

For pure base burning, cold H2 injection, radial slot injection and subsonic radial jet injection the results are

summarized in Fig. 4. These results are all for pure H2 . Except for the radial jet injection, a unique ISP vs injection rate

appears on Fig. 4. The injection parameter, I, is equal to the injectant flow rate divided by the .ree streari wind tunnel

air mass flux through an equivalent base area. The slightly poorer performance shown by the radial jet injection is

probably due to some axisymmetries, which ar known to reduce performance.(6)

Perhaps a more illuminating way to present the data is on a plot of Isp vs base force due to burning, as shown in
Fig. 5. Here the maximum performanc. lne of Fig. 4 tecomes a stralght line which has been placed in Fig. 5. On Fig. 3
have been shown only data with supersonic jet injection combined v'ith ba-e burning or for pure base burnit,g. There is

significant scatter on this figure; the lower performance points were visually identificd with poor combustion wit% the

radial jets. But the major point is the following, If _vecything is working well, it doesn't matter if pure base burning or a

combination of external burniag and base buning are used; the perfor-rance can achieve the maximum performance line if

base ;)rce changes are less than or equal to the base drag. The efficiency i4 also impressive, 83% base drag reduction can

I.. .meved at an p of 4000 sec. This is comparable to ramjet eff:ciencies at these conditions and is achieved without

i* let, combustion chamber or nozzle.

Three points lie to the right of the maximum performance line on Fig. 5, and they do so when attempting strong
radial injection to increase the base force level (note the scale break on FiL,, 5). H;gh force levels were achieved here but

probing of the wako indicates wind tunnel interference;, the wake still contained subsonic rrtions of flow at 9.5 radii
downstream of the base. Since basc pressure on these runs was above free stream st-tic, the wave emanating from the

base lip is a compression waye and undaubtedly increased the base pressure upon reflection and intersection will :be

wake. Cons.-quently, these points must he regarded as suspect. In this regard, Ref. (2) hid a free jet boundar, as the wave

reflection surface and the opposite effect may have occurred, causing an underestimate of performance.

For the case of base pressure les- than free stream static pressure, the wive emanating from the base lip is an

expansion wave, and, if interference occurs, it is argued that performance is degraded. Hence, the results here are
believed conservative at low base force levels.

Turning now to the effect of diluents, Fig. 6 presents the results at force levels correspoding to base drag

reduction. It is found that by and large. if ISP is scaled by the ia"erse e hRp , the maximum performance line again

represents all data. Them' is some scatter, especla~ly at the mir..drag reduiction j oint, but there is a remarkable collapse
of the data. With dilution the molecular weight, density, flame temperature r.-n turbulent mixing rates all must change.

There is also a visible change in flame location. Nevertheless, !he prima-Y deter-,'-ant of performance appears to be the

IK
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total heat dump rate into the walv:. 

1-

Tempetature traverses on the wake centerline are shown Pi Fig. 7. it has always been found up to 3 radii
downstream of the base that the mixture must iie air-rich. Interestingly, the temperature differences wi~th dilution cannot
be accounted for by the diluti-y effect alone. The mixing rates must be altered to account for thz differences in the
temperature with the C-12 Ciuton on Fig. 7.

Measuring temoeature and p-tot-static pressures on the wake centerline allows a Mach number estimate to be
made, as shown in Fig. S. Recal, U~ the Mach number does not exceed utity by 9.5 radii down~stream interference is
probably present, but the results should be conservative. On the basis of Fig. 8 it appears that the results presented are
interference-free if the base drag reduction is less than 80% and hRP I : 10,000 Btu/ib.

CONCLUDMIG REMARKS

When operating at base force levels below those required to totally eliminate base drag, it appears that either base

burning or combined external/base burning may be made to operate along a unique line in Is - base force space. This will

ozcur for any fuel type it I sp is scaled by the inverse of h .P At high base forre levels the issue of performance and
force level achievable is c:ouded by wind tunnel interference eliects with all available data. Presuming these performance
levels are of interest for some mnissionts, it is imperative to design future high foice level experiments in an interference-

free environment.
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DISCUSSION

Commeent by F.Stull
The slides shown do not match the preprint.

Authes Reply
While some of the slides do match, I have shown some later results M:an those in the preprint.

P.Choudhniry
1: seems that with "pre-burnin-4", the peak temperatur, will move toward the body. In view of thc superior drag
reduction with "pre-burning". isn't the spatial rate of heat release rather than thc total heat released more important
for your correlatian? Perhaps this will correlate both prc and after t-uming better.

Author's Reply
I am quite sure that is what is happer~ing. We are getting combustion of hot gas injection, but it is altering the
structure of the wake so that heat s-ease occurs earlier.

R.Malutl
(a) Avez-votts fa-t des essais avec des combustibles solidecs appropri~s. compte tenu des r6sultats avec

(112 + N2 +- 02). Combustibles sp6ciaux?

(b) Pensez-vous obtenir des pressienis culot supiricures i la pression statiquc e'tcmce. en utilisant une conibinaison
d'injection lat~rale + centrale (avec des bonnes impulsion sp~EctiquesPl

Author's Reply
(a) The reason that we diluted the hydrogen with the vauious dilutants was to simulate a solid propellant exhaust

with !ower lieatino value than pure hydrogen. We have been unable to find a solid propellant to put in the
facility that will bumn at the low' pressure canditions without developing, an actual rocket chamber to fire-. So
the answer is no. we have not done any !oud -ropcflant work. I would like to,

(b)I'The second question concerns lateral injection. Ir the supersonic case. we got very good performance. but the
problem is the wind tunnel interfcnt-rcc. I ain pos:'ive that our wind tunnel had broken down when we got
that impressive performance with both :atcrai injection :'nd base injection.
When we inject laterally subsonically. we get exactly the same performance that we got from the bwse injection
and could not raise the pressure above frectream siitic. But. wve have been ib-v freestream static pressre-
with the supersonic lateral injec~lon.

P.Eraer
You mentioned an t 5000 sec for that system. which has a lower pressure and a lower tetrperature in the
combustor th~an a ranie. Did you compare with the rrnict? H-ow did you define 4

Author's Reply
Ipis defined as the change in base fore~ level divided by total flow rate. At Maech 3 -with the diluted ftiel on the

same basis that we computed the numbs wev get bct ter lv's than those of a rarniet. The trouble, of cruise, is that
we cant -et ntt thrust. TT t rren thaut the I~ is better than s ranjet is t'iat there is no inlet, which is a drag surface
in -. aMjet.
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SERVICE EXPERIENCE WMh THREE GENERATIONS OF RAVJETS Jo--

BY: C F FLETCHER An) D R LANE
ROLLS-ROYCE LIMITED, PO BOX 3, FILTOX, BRI3TOL BS12 7QE

S U.ARY

Rolls-Royce has had the unique experience of developing three generations of
ram3ets for use in operational surface-to-air missiles, two with the RAF and one
with the Royal Navy. Deploymert overseas and in the forces of other nations has
provided knowledge of operation and maintenance in tropical, arctic and marine
environments. Rolls-Royce have made more ramjets than any other company in the
West. The paper recounts the precautions taken during design to achieve reli-
abilAty and a low level of maintenance effort. In the third aeneratlon, design
has progressed to the establishment of 'wooden reund' status for a factor- filled
liquid fuelled ramjet, with simple maintenance checks only at five year intervals.
The reliability of the ramjet propulsion system in many practice firings of
service maintained missiles by service crews is discussed and shown o compare
well with that of rocket systems.

IN-TROXJCTICOq

The cautious approach by designers and development engineers of first generation
ramjet propulsion system- for missiles implanted a belief, which to some extent
still survives today, that ramjets are complicated and require extensive test and
maintenance to ensure acceptable reliability in service. While it will remaan a
fact that ramjets of any type have a degree of complexity greater than that of a
simple rocket, experience has s' -wn that modern systems can be expected to have 4
an equal reliability with similar in-service handling,ie no testing. This paper
aims to s.ow that with three generations of liquid fuelled ra=jets, namely Thor
for Bloodhound Mkl and 2 and Odin for Sea Dart. the reliability 'track record'
and the lessons learned have led to the understanding of the practicability of
supersonic airbreathing propulsion without operational penalties. All three of
tbese missiles were developed against very stringent requirements of perforance
and operating environment. Production prograoes have involved approxi=ately
5000 ramjets so far with that of Odin,for Sea Dart,continuino.

wFigure 2 Thor Ranjet in Bloodhivnd Mc

A}
m ~ Figure I Bloodhouand Nk2

2 .. ~ -RE 'srCv OF BLOOO~ND AND.- SEA DART RMUET PWOV"LISICC Lixs

Bloodh d~

Daring the !ae '940's was ecognised that rajet prolsion wc-d benecessary to irovide the range, speed. a':- -de capab' 'cty.n'ea.crl
flexibil..y for t.e surface-to-a-ir defence -- ssiles be n con template at that

time. Fol.onn-o, early s ccessafu fliht s of ramjet pellel tes vehic'es.
project studies by The t. Bristol Aeroplane Cmpany and Ferreati le to m
evolution of t.he 8l0e-.u-.d land base- anti-aircraft missie a- t'he II"r series
of ranjets to propel it. T wee the first produution ramjets i.n Lv -e to :e

offered for the propulia c' 'Supersonic missiles. The Thor engine was desionedj
as a pod ;-nit for exsr--! - ting, with this type of installation the i
ramiet reevsa on - f.-n fl-ow of. air_ and the'ot tiPe And exhaust nozzle can
be adequately cooled v the e--ternal airflow. The twrist and steer control mtethodadopted for the -isstil. sa relativey dt icicdence Ivels o- the e.

Develoonent work star-ed- on bhe Thor 100 series ezs imes, for Bloodhud Wi
1952 with w-V Type Test nh .57. Some 300 to 400 missiles were fired &ring

- - -
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development.about half of which were used to investigate prcpulsion aspects.
, Although now obsolete it first entered service in 1959 with the RZAP and subse-
-oi rquently with the Royal Australian Air Force and the Royal Swedish Air Force.

Bloodhound Mkl was followed in 1964 by the much improved Blood--hound Hk2, see
Figure 1. The improvements in missile capability in terms of soeed, altitude and
range imposed changes on the propulsion system which lea to the development of
the Thor 200 series engines. Development work started in 1058 and the engine
Type Test was completed in 1963. Only 40 development flights weie carried out on
this missileof which 8 were specifically for propulsion investigations. This
reduction, compared with Mkl, resulted both fro= the ex-perience gained on Muid and
from the matjor increase in the engine ground test capability provided by the then
new High Altitude Test Plant at Rolls-Royce. This missile entered serv-ice in
1964 anld is currently deployed with the RAP, the Swiss Goverr nent, and the
Singipore Air Defence Comand. It was also used at one time by The Swedish Air
Force.

2.2 Thor Engine Desion

Only the basic design features of the Bloodhound 4k2 propulsion system are
considered here because those of Sloodhound Mk were generally similar.

Figure 2 illustrates the general arrangement of the Thor ranjet. It corprises a
supersonic air intake and subsonic diffuser and _ combustion system and exhaust
nnzzle as well as fuel system components. Combustion is initiated by two
pyrotechnic igniters -ounted externally on the engine. Auxiliary air intakes,
which are mounte- adjacent to the main intake of each engine, supply ran air to
drive engine fP id missile hydraulic pumps and thesetogether with the =ain
intakes,are fi4 with environmental protection covers on the launcher.
Considerable testlag was necessary during development to ensure that these covers
were reliably ejected. The front cover is automatically blown off prior to

launch by gas pressure generated within the engine by a p_ rotechnic. The rear
cover is removed when the missile moves off, by a lanyard attached to the
launcher.

I;, the Bloodho-nd installation, where two podded engines are used - the fuel tanks.
fuel turbopump, fuel control, thrust control and part of the metering system are
mounted in the missile fuselage while the main secondary fuel throttle and
distributor system are installed in the engine intake ccntrebody. The fuel sys-
tem is hydrome-ha-ical with a Mach nurber control override to control missile
speed. Undesirable intake operating conditions at hich angles of incidence a;e
prevented by a device which reduces fuel flow when pre-deterl-ined limits are
exceeded by a free streaming cone in the missile nose. At launch the eneina
fuel system is already primed with fuel right up to a check valve situated in the
air intake centrebody.

amm . *-:- 5-

miJue a r t oem - is
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ice3rSa Dart

jiur 3. Sea Dar

The Odin ranjet for he 'Sea Dart missil e, -rior 3, was evolved from the require-
meats for a lightweight, cnc moav edi rann'- strfce-:-air missile -a'ich was
capable of beino verti'cally stoted in-, and rapidly 'unw from, snips. The
ce=.fign-'t-or selected involved the raPe beino built knto tbe main aifra -, as
sho n e The com ical ce-trebo4 supers.nic intake wh-ich conains
equipmen t 4n he nose of' e missile and, unlike Bloodhound, the
';ssile is atesian co.rolled and icidence levels can be relatively hich.
Th stteam -' 'ef t ebo- the subson- a-- 's transferred o a entral

clir-ca' hCtich iS surrounded by missile -umpien and the - nular fuel
tanks. Unlike r m Bloodhn, the buri-d installatiorn of the ramiet combstor
and exhaust mozle within the missile rear airframe made an intenal Air

arrn-in -ecesca.,.
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Development work started on this engine in 1963 and Type Test was achieved in
1966. The number of development :lights associated with this project was about
180 with 6 of these being nominated for early ramjet propulsion proving. Again
the availability of the High Altitude rest Plant was fundasental in reducg the
.,umber of propulsion firings %hich were required. The Sea Dart missile entered
service in 1975 and has been chosen by the Royal Navy as the nain defence system
for Type 42 destroyers and anti-submarine cruisers, and is also used by the
Argentine Navy.

.4 Odin Engine Design

The Cain engine comprises an air intake, transfer duct, combustor and exhaust
nozzle as well as fuel system components. Combustion is initiated by a single
pyrotechnic igniter. '.he orincipal items ink the fuel system are a Fuel Air Ratio
Control to meter fuel at the correct rate and a Thrust Control Unit to control
missile speed in accordance with the measurement of air stagnation temperature.
Unlike Bloodhound, the fuel tanks are factory filled and sealed off from the
ram3et fuel system components by a stol- valve until the boost motor has fired and
the missile has left th9 ship. This is termed a 'dry' fuel system.

A chart showing the major milestone dates for the Thor and Odin engines, spanning
almost 30 years, is given on Figure 5.

START T 1T ENTRY- APV
P
RXIIA

T
E PROPLSIO SYSTEM

TEST lNO- STATUS ld., R OF KLIEAILITY

LEVELOF4WNT SERVICE F FIRINGS

BOHOUNDLZLzZ OJSMtEE BLRVSSWD KK 2

(THO IM 3RIES) 11 SERVICE SE OAR 1I

1 11 WITH RAF
HK SWITZERLVJO,

(THOR 200 SEPIES) FORSERLt Xtuff Figure 6 Service Practice Firings
Record of Service Maintained

1 IS- I .RVICE Missiles
WITH ROYAL NAVY

(MIN)ARGENTINE RAW

190 Iw ~ 9?u 1;80
YEARYEAR J Figure 5 Propulsion System Timescales

3 SERVICE FIRINGS RECORD

The results of these are summarised on Figure 6 and it is importaut to note that
they relate to Service practice firings with standard Service mai: tained missiles
of varying ?k s with either telemetry or with live warheads andt fuses. They have
covered all areas of the flight envelope. There have been no propulsion system
failures out rf nearly 10C Bioodhcznd Mk 2 firings, including one with a complete
missile cold soak temperature cown to -20

0
C. In addition# about 60 production

Sea Dart missiles have been fired from ships with no propulsion problems. The
100% achieved reliabilities to date of these propulsion systems during Service
firings exceeoed those specified. It should be noted also that an eq.kally
high reliability standard was achieved in the later stages of R and D firings.

4 BLOODHOUND MK 2 OPERATIONAL REQUIREMENTS AFFECTING ENGINE DEf

Missile requirements dictated that the Thor engine should be .apable of operating
up to high altitudes and at speeds between Mach 2 and Mach 2.6 with a maxinum
flight time in excess of 2 minutes. Furthermore the engine mvst be capablr., with
high reliability, of light-up and maximum thrust develop nent witnin about 4
seconda of launch after long periods of exposure and, since this missile is land-
based, the u.nprotected environment in which it may be deployed ranges from arctic
to tropical conditions with very high humidity levels often being involved. In
addition, the engine and its fuel system components are subject to high loads
during boost acceleration and during manoeuvres in free flight and from vibration
associated with flight and ground transportation. Light-up and operation in
ambient tempezatures associated with a land environment, ie -40

0
C to +520C, at Sea

E Level, are required. These arduous operational requirements are sunmarised on
Figure 7.
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TYPE I-AND BASED, SURFACE-TO-AIR I ENGINE PROTECTIN COVER EJECTOi

SPEED RANGE MALH 2 TO 2.6 2 ENGINE L16HT-UP RELIABILITY

ALTITUDE SEA LEVEL TO H1IGO
3 SIMUJLATED LAUNCI TESTS

FLIGHT TIME IN EXCESS OF 2 M1;'UTES

EXPOSURE PEIOS EXAUSSTIVE GROUND TESTING AT SIMUJLATED FL IGHT CONDITIONS
(FOR LONG PEID) WORLDWIDE

5 MECHANICAL INERITY INVESTIGAIIOS
AIR TEMPERATURE
RANGE AT SL -40%C TO 452%

6 DROP TESTS TO SIMUJLATE SHOCK LOADS
MAX HUMIDITY 90 TO 95% AT 35%

7 VIBRATION TESTING OF CMP"UERS
MAX LONGITUDINAL
ACCELERATION IN EXCESS OF 306

NOWJAL Figure 8 Thor in Bloodhound Mk2
ACCELERATION UP TO 16G Development Testing

RANSPDIRTATION LAND, SEA, AIR Figure 7 Bloodhound Mk2
Principal Operational Requirements.

5 THOR-FOR BLOODHOUND Mk_2_- DEVELOPMENT TESTING

Considering the stringent operational requirements of this missile, the high
propulsion system reliability achieved in Service firings stems from careful
design and the experience gained on Bloodhound Mkl combined with the comprehensive
engine ground test programme which was undertaken during development. Some of the
more important aspects are summarised on Figure 8 an~d include:

a) Engine protection cover ejection, particularly under extreme icing conditions,
see Figure 9.

b) Engine light-up re-liability. A typical result is shown on Pigure 10 wlicre
combuqtor rich and ' a limnits were determined over the range of flight speeds
where light-up is required, to ensure that the run-up and starting hc~~

istics of the fuel system are mattAhed to tnese combustion requirements.

c) Launch and light-up demonstration on a real time transient facility at extreme
ambient temperatures using flight standard fuelling systems.

d) Exhaustive ground testing at simulated flight conditions over the whole of the
operational envelope of the missile. This includes combustion stability
investigations as well as thrust and fuel consumption determination over the
e_:tremes of ambient temperature and at representative incidence levels.

e) Mechanical integrity tests on simulated "-rtc tztajectories.

f) Drop tests to simulate shock loads.

g) Vibration testing of components.

STEADY TRANeIC MACH 4TUR TESTS ESTASJSA1 III"AV 7

- - -~~~~ fWAK LIMITS ,..~---. RC
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FLOW

BOOST

Figure 10 Engine Light-up Reliability
Typical Ground Test Results

Figure 9 Bloodhound M.k2
Intake Cover Removal

Simulation in Cold Conditions



6 SEA DART - OPERATIONAL REQUIREMENTE AFFECTING F'GIE DFSIGhn,

To meet the misiile requirements, the Odin engine has to operate between Mach 2
and Mach 3 and from Sea Level to medium/high altitudes to provide the propulsion
for the interception of airborne threats to surface ships. In addition propulsion
to fuel exhaustion in both the medium/high altitude role and the secondary anti-
ship role is required. Again the eng.ne must be capable, with high reliability,
of light-up and maximum thrust production within 2 to 3 seconds of launzh after
long periods of storage with no pre-flight preparation or uionitoring. The Royal
Navy specification called for a very high propulsion sybtem reliability (near
lO0) in order to achieve the overall xeliability requirements of the missile
against a wide spectrum of targets.
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AC tEMTION IN 0= OF S SPILL DIITL SFM D l01 ILSI IMtME A IN&

ACEEATIl UP TO X6 Figure 12 Diagram of Test Cell

T"iiTAIOIi LAN. s. All - High Altitude Test Plant

SPECI. MSIWT 113 FMt SPIUAGE

Figure 11 Sea Dart
Prircipal Operational Requirements

Although the installed engine is normally stored within the controlled tempera-
ture and humidity environment of the shp's magazine, it is required to withstand
the environment which would result from an air conditioning breakdown as well as
the vibration levels as3ociated with flight anl transport in the ship or by air
ur on land. The very nigh boost accele-ation and that associated with missile
manoeuvre imposes high component loads which had to be taken into account in
design. Additionally, during the short time the missile is on the launcher, the
engine can be subjected to considerable water ingestion and salt spray. Light-up
and operation in ambient temperatures associated with a marine environment, (ie
-18

0
C to +300C at sea level) are required, Because of the potential fire hazard

on board ship as well as the possible contamination of eluctre-ic equipment,
particularly in the buried engine Sea D-Art configuration, leaks from the engine
fuel system could not be tolerated under any circumstances. These requirements
are summarised on Figure 11.

7 ODIN FOR SEA DART - DE!ELCP MXNT TES TING

The high propulsion system reliability achieved during Service firings can be
attributed to experience gained from Bloodhound Mkl and 4k2 and to the exhaustive
enoine and component test programme which was cerried out during ground develop-
ment. All engine 'hot' testing was carried out with the intake in a 'free jet'
because Rolls-Royce experience shows this to be essential for the development of
reliable ramjot engines and their ftel systems. A diagram of the test cell of
the 'free jet High Altitude Test Plant is shown on Figure 12,where full cale
engine tests can be made over a wide range of flight conditions and incidence

RII N LIE6114-P RELIABILITY EGN

2 SI11LATED L.W TESTS ALTITUDE EBUSTI|N
LIMITl AD 4

3 WIAUSTII GRO TESTING AT TI.ILATED FLI-IT CONDITIONS + i .

4 I ECIUANIC, INTEGRITY INVESTIGATOtS I W 
|  I

5 TETHERED FIRMKGS V )R AT VARIOUSANGLES OF

6 RAIN EROSION TESTS ON TIC AIR INTAMI / IhCIDECE

7 DR TESTS TO SIULATE HOK LOADS FL16HT FACH 1AAA"R --
Figure 14 Odin Ramjet

8 VIBRATION TESTING OF MO:NJTS Ground Test Fmvelope

9 OPERATION WITH DIRTY FUEL Figure L3 Odin in Sea Dart
Development Testing



angles. For Odin, major items in the development test programme are summarised
4o-L. on Figure 13 and include:

a) Engine light-up reliability investigations which were similar to those
carried out on Thor.

b) Launch ano light-up demonstration on a real time transient facility at
extreme ambient temperatures.

c) Fuel control priming investigations using neutron radiography techniques.

d) Exhaustive ground testing at simulated flight conditions over the whole of
the operational envelope of the missile and at incidence, as depicted on
Figure 14. These tests included an investigation into the stability
characteristics of the combustor, particularly at extreme altitudes, and
thrust and fuel consumption measurements..

e) Mechanical integrity tests on simulated 'worst case' trajectories.

f) Tethered firings in which the complete missile and engine are 'flown' in a free
jet facility to determine the vibration levels imposed on missile equipment by
the engine. A test rig for this experiment is shown on Figure 15.

g) Rain erosion tests on the air intake.

h) Drop tests to simulate the shock loads which can result from depth charge
action.

i) Vibration testing of components

j) Operation with dirty fuel

During production, manufacturing quality of the Odin is assured, as it was for Thor,
by Production Quality Tests on engines selected at random at annual intervals.
These tests, which are carried out on the High Altitude Test Plant facility,
comprise:

- An engine thrust check at a specified flight condition

- A demonstration of the engine altitude capability at a specified flight speed

- A mechanical endurance test to a schedule which embraces the most arduous missile
trajectories

6DEPAT~IOS
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Figure 15 Sea Dart - Tethered Firing Figure 16 Thor and Odin Ramjets

Trial In-service Maintenance

8 PROGRESSION TOWARDS ZERO IN-SERVICE MAINTeRANCE

8.1 General

The aim has always been that of achieving standards nf maintenance equivalent to
those of gun ammunitionie no testing. In the days of Bloodhound Mkl however it
was necessary to Lstablish the serviceability of the fuel systemat quarterly
intervals,by running the turbopump in order to check the characteristics of the
fuel flow controls and, in addition,careful priming of the fuel control was
"equired to ensure a reliable light-up. Bloodhound Mk2 progressed to annual
tests of the fuel system,and turbopump ruaning was eliminated because the flol:
characteristics of the engine could be checked from an external fuel supply. In
Sea Dart the fuel tanks are factory filled and only two components in the engine
fuel system need be tested. Currently this occurs at 5 year intervals but

clearance for a longer period is being sought. It is clear therefore that the
reduction in maintenance complexity and the progressive incr.-ase in time between
in-service tests over three generations (see Figure 16) gives confidence that no
tests will be required in future generations of ramjet.

z5



82 Thor Hainte.~angce

A zntenance diagramn is showrn for Thor in Bloodhound Mk2 on Figure 17 which
indicac. s the fuel system components which are tested. Connections for these are
made via tapping -ooints on the mI;ssile skin, thereby obvlatina any need t,,
de-panel -be missile. It has been pxedicted that the mlanpower requirement for
the complete serv *cing of the ramjet propulsion syetem is about 1 man per S0
-;issiles. The estim~ated defect rat.? for the Thor engine, which has improved
consideratly over :.he years as a result of development and modification action,
is as folloyws:

De-fect Pat One befect Per

At entry into service 5.3 missile years

At present time (1981) 11.9 missile years

where Defect Rate is defined as:

Number of missiles in service x Number of years of survey

Number of defects

Yhe main problem arvas have been concerned with the thr'4St control unit becauSe
of the extreme<ly high degree of accuracy originaIll> demanded to satisfy the per-
fermance requirements over the whole flight envelopot. With todmy's knowledge
some relaxation mnight be tolerated without having a significant effect on the
overall system reliability.

The extended service life requiruments of the Bloodhound system has led to the
adoption of a reconditioning programme whereby engines are returned to the manu-
facturer after 10 years,and all rubber components including sealS and diaphragms.
are replaced and fuel system items are reset and calibrated to be within t"e
original manufacturing limits.

8.3 Odin Maintenance

Experience with Bloodhound showed that well designed ram-air fuel turbopunps
could be relied on to perform instantly after many years of storage. For Odin,
theref-hre, fuel system tests were simplified to those of the hydromechanical
.:ontrolS in isolation. To ensure freedom fromi contamin~ation of missile equipment
by keoeeaprocedure for the removal Qf these units for test was adopted which
was readily acccmplished with the tdry' system described earlier. Priming and
rur-up of this 'dry* system was proved in many real-time launch simulations
(including engine light-up) on ground tests in the High Altitude Test Plant.
These tests included those with engines subjected to acczlerated storage and
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extreme temperature conditions. The Fuel Air Ratio Control and Thrust Control
units require relatively simple calibration testing every 5 years at a shore
depot and removal of these is via the access panel on the missileas shown on
Figure 18. The decision to test these controls was taken in the absence of firm
evidence of the effect on them of storage in the ship's magazine. Evidence is
gradually being accumulated which is aimed at permitting the time between tests
to be extended to 10 years. Eventually they may. in agreement with the Royal
Navy, be dropped altogether. The reliability demonstrated with the twin pyro-
technic igniters of Thor and early Odin showed that a single igniter unit with a
percussion initiating device would be satisfactory for Sea Dart in service. This
unit requires no testing and currently has a life of 3 to 6 years, depending upon
the environment.

The manpower requirement for the maintenance of Odin is about I man per 200
missiles. Using the same definition as for the Thor engine, analysis has shown
that the Odin defect rate is I per 30 missile years. This improvement is a
direct result of the lessons learned from Bloodhound and the generally more
favourable environmental conditions enjoyed by Sea Dart.
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ACLEWJTI-N FFSTCIS Figure 20 For the Future
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7 AW-XT TAKE I 6 , ,i Figure lg Lessons Learned to Ensure High
Reliability

9 L.ESSONS LEARxED IN AcIIIVINC HIGH RELIABILITY

The design task is to obtain instant readiness with trouble free operation and
the correct performance levels after long periods of storage and ground handling.
As a result of the experience gained from the Bloodhound and Sea Dart engine
programmes.there has been a steady progression in the understanding if the key
design areas and the precautions which are necessary to achieve high reliability
and the elimination of in-service testing. These are summarised on Figure 19 and
comprise:

a) The use of stainless steel where possible and protective dipped coatings
where necessary to elitinate corrosion during long term service life in all
environmental conditions.

b) The avoidance of electrolytic action between mating parts by careful matcning
of materials.

c) The adoption of a 'sealed' fuel system in which engine co=monents remain dry
until launch.

d) The use of sealed igniters.

e) The use of engine blanks while the missile is on the launcher to reduce
environmental effects.

f) Seal materials selected for compatibility with operating temperatures and
with liquid fuels in accordance with missile/engine life cycle requirements.

9) Moving parts in the fuel system positioned to reduce the effect of worst
acceleration forces.

h) Utilise boost acceleration and fuel control position relative to the fuel
tanks to assist the fuel system priming process.

i) Design for ground transportation/handling protection to prevent, for example,
sensing probe damage and skin denting.

Fron the foregoing, it should be clear that the design and development of reliable
ranjets depends critically on the early and precise statement of the missile lono
term storage and deplo-ment envirormental conditions.



10 FOR TI UTR 20&9

From the evidence Shown here, future enerati > o iqidfele 
am~rto

enjoy the high reliabjlityu standardsi achieved with the Bloodhound adSaDrpro ul io sy te n d re u r o m itenance testing, It is Our opinion that
desgn or auni)from multiple platforms and other operational considerations

e-posed in recent XA1(o/nf~ studies should not invalidate the above claim. of
course, as shown, a carefully planned development progrme will be necessary.
The high reliability which has been demonstrated for the liquid fuelled ramjet
also shows that the Often claimed more simple alternative airbreathing propulsion
systems, eg ram-rocket/ductd 

-rocket and solid fuel ramjet, could have as good a
reliability since there is nothing inherent in their overall concept which would
pose widely different problems. These observations are summarised on Figure 20.

11 COCLUSIONS (See Figure 21)
A) This paper has shown That the liquid fuelled ramjet has a comparable in-

service reliability to that of the simple rocket, in spite of its greater
complexity, while offering a wider operational capability. This has been
achieved largely by careful attention to detail in design and exhsaustiveground testing.

b) The experience gained on three generations of in.-service ramjets designed for
arduous missile trajectories and environmental conditions has led to the
achievement of near 'wooden round' or 'sealed for life' status with simple
maintenance checks currently only at 5 year intervals. This interval can
be1 expected to be increased in the future.

c) It can be concluded that the ram.-rocket/ducted rocket or solid fuel ramajet,
which are generally claimed to be more simple in operation and development,
could achieve similar reliability levels to those of the more versatileliquid fuelled ramjet.

d) The lessons learned from the Bloodhound and Sea Dart proptilsion systems can
be advantageously fed into design and development thinking for any futureprojects.
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EPERIMENTAL INVESTIGATION 0OF A HYDROCARBON SOLID FUEL RAM4JET

by

Dirk Meinkdhn and JUrgen W. Bergmann
Deutsche Forschungs- und Versuchsanstalt fUr Luft- und Raumfahrt e.V. (DFVLR)

Institut fUr Chemische Antriebe und Verfahrenstechnik
D-7101 Hardthausen-Lampoldshausen (Germany)

Summary

A solid fuel ramjet motor was investigated in a connected-pipe air supply system under
simulated in-flight operating condition By taking into account diffuser losses based
on empirical efficiencies, a set of states of the air upstream of the ram3et combustor
was theoretically derived in order to simulate certain in-flight conditions of a ramjet-
powered missile. The experimental investigation of internal ballistics, combustion effi-
ciency and overall combustor performance covered a range of Mach-numbers between 1.5 and
3.0 for altitudes between sea-level and 6000 m. Polyethylene was chosen as hydrocarbon
fuel in most of the tests. It was found that a suitable fuel regression can be estab-
lished for varying performance requirements resulting from a particular rZnjet mission,
even by providing for trajectory dependent combustion efficiencies.

I. Introduction

Within the family of airbreathing engines, the solid fuel ramjet represents a design of
utmost simplicity due to the lack of any moving parts (like valves, pumps, etc.). It con-
sists basically of an air intake system, a thrust producing exhaust nozzle, and a corbus-
tcr comprising the flameholding device, the ignitor, the combustion chamber containing
the solid fuel, and the afterburn chamber for c nhancement and completion of the combus-
tion.

For all its apparent simplicity, the ramjet engine brings about particular difficulties
in its operation, since the combustion processes strongly depend on the flight conditions.
The operation of a solid fuel ramjet, in particular, depends on the interaction between
the air intake system and the combustor, because the fuel regression as well as the mixing
and burning of the propellants are governed by the physico-chemical laws cf hybrid com-
bustion.

It was our objective to investigate, as a first step, the combustion behavior in a model
ramjet combustor for varied flight data (speed and altitude). The flight data were taken
from certain points of a flight trajectory of a ramjet-propelled missile, which resulted
from assumptions as to thrust and drag under the conditions of a preselected ramjet
mission.

In order to work under realistic conditions for the upstream boundary of the combustor,
the influence of a typical air intake system on the flight data was calculated for us by
the Institut fOr Raumfahrtantriebe of Stuttgart University.

2. Proposed Mission for a Ramiet-Powered Missile

For a ramjet-powered missile, two types of missions may be considered. There is, in the
first place, a mission with stationary cruising conditions, which is equivalent to fixed
height of flight and fixed Mach-number. The other mission consists in providing post
launch propulsion for some part or all of the flight trajectory of a small missile. The
investigations presented in this paper are based on the latter type of mission, for which
the solid fuel xamjet seems to be particularly suited. Starting from the requirements
of distance to be covered by a given missile and provision of acceleration by thl ramjet
engine, the trajectory of the missile is characterized b the velocity requirements given
in Fig.1 and by the requirements as to air mass flw and combustion pressure given in
Fiq.2. These requirements reflect the change in engine performance necessitated by the
ohaiging flight conditions. It was found that for the thrust requirement stolchiometric
burning has to be assumed. The missile trajectory in terms of total pressure and total
temperature of the air is given in Fig.3.

The solid fuel ramjet motor was then investigated with respect .o the derived missile
trajectory. This was done by selecting three points of the crajectory and carrying out
motor tests under such stationary conditions as were required by these three points. it
is our plan for the future to investigate a ramjet engine by continuous simulation of the
comlete trajectory.

3. Ramjet M-otor Test Facility

The combustor tests were carried out on the cor.ected-pipe test acil ty outlined in Fig.4.
The air was supplied from a storage re.. designed to hold lo m3 of air at a pressure of
up to 180 bar. Via a series of =ntrollable pressure regulators, the air pressure was
reduced to a predetermined value, whereupon the cold air mass flow was measured with tie
help of a Fischer 5Porter w"r_1 flow-meter. It was then designed to achieve the necessary
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air temperature by passing the air flw through a heat reservoir consisting of two elec-
hg-.. tric heat exchanger units of 7 kW each. After passage of a two-way valve, the air flow

then was directed into the actual ramjet combustor. On entering the combustor, the
state of the air flow is defined by a set of three parameters, namely the iir mass flow,
the total temperature, and the total pressure of the air. For a simulation of the se-
lected conditions of the flight trajectory, these parameters were matched to the flight
data which were modified by the calculated influence of the air intake system. It was,
therefore, possible to simulate the ramjet operations in a connected-pipe system and the
application of real diffusers was obviated.

The ramjet motor itself consisted of the flameholder, the ignitor, and a fuel block with
a cylindrical combustion channel, an afterburner, and an exhaust nozzle. It was rposslble
to test ramjet combustors up to mach 2.5 at sea-level air conditions.

The aim of the investigation was

- to derive the fuel regression rate in its dependence
or the air mass flux and the combustion chamber pressure
for polyethylene, which was selected as reference fuel
because of its clean combustion;

- to determine the combustion efficiencies;

- to investigate the effect of the combustion chamber
geometry and the combustion time;

- to investigate different hydrocarbon fuels.

The hydrocarbon fuels under investigation - other than polyethylene (PE) - were poly-
methylmethacrylate cPHMA) and hydroxyterminated polybutadiene (HTPB). Depending on the
initial state of the fuel (fluid, powder), the fuel blocks were prepared by casting or
by compressing.

4. Combustion Efficiency and Fuel Regression

In consequence of the requirements of a selected flight situation, the following parame-
ters had to attain given values:

total air inlet temperature TL [K]
total air inlet pressure Ptot (bar)

or static combustion pressure Pc (barl
air/fuel mass ratio O/F (1,
air mass flow ma 1g/s)

By working with the combustion pressure Pc instead of the total air inlet presrure Ptot
as a defining element for the state of the air flow, the influence of a particular flame-
holder was eliminated.

Fro= the given values of ia and O/F the =ass flow f !g/s] is fully determined. The ftel
=ass flow Lf , by itself, is a function of the fuel regression rate ! (--/sj, the density
of the fuel, and the size of the combustion channel surface, which is eqivalent to the
exposed fuel surface.

The regression rate r is one of the characteristic features of a fuel. It is a function
of the oxidizer =ass flux 4a Eg/cm2 ], the combustion pressure P. and, to a lesser extent,
of the oxidizer temperature TL .

In view of the requirement as to rnf and also in view of a strong de=and for volume re-
striction, the following lines of research were persued:

a) Investigation of the regression rate and the cobustion efficiencies in thei-r
ependence on varying operating conditions for cast polyethylene fuel blocks,

which were of one and the same geometry (essentially the cobustion channel
geometry and fuel block length).

fuel block length L = 210 z
circular combustion channel cross-section
c-hannel diameter D = 60

b) Investigation of the regression rate of various hydrocarbon fuels, differing
in composition, with various additives. For these tests, the fuel blocks wre
of the same size as with case (a). In order to facilitate the comparison, the
motor tests were carried out under one and the same set of operating conditions.

C) Determination of the combustion efficiencies and the regression rates of a model
combustor under the conditions equivalent to the selected flight situations.
For these experiments, fuel blocks were made by compressing polyethylene powder.
The combustion channel was cylindrical and the required 0/F-values were attained
by adjustment of the fuel block length L.



d) Search for a suitable combustion channel geometry with the aim to attain aun
acceptable length L. of thie fuel block. These experiments Were Carried out
on fuel blocks obtained by compressIng polyethylene powder. The fuel blocks
were of a given length, with varying ehnnel geometries.

5. Test Results

5.1 Regression Rates and Combustion Efficierncy for Cast Polyethylene

For these tests,* the geometry of the fuel block was Ycept unchanged.- The total temperarure
of the incoming air was the sae for all -rests t280 X). The combustion time was kept at
60 s, if not otherwise explained.

Fig. 5 shows the influence ol the combustion pressure and the air =ass flow on the PE re-
gression rate. One sees that for chamber pressures between 2 and 1C bar the pressure ef-
fect on fuel regression is not rmuch lower than. the one of the air flow. The influance of
the air mass flux Aa On the regression rate is nearly the saze for different chamber
pressures, as Fig. 6 reveals. Using double'-logarithmic znsordinates to display i as a
function of % I the average slope can be found to lie arcund 0-36. Further analysis as
to the pressure dependence finally brings abo-ut a po-wer la-c* approximation for the PE re-
gression rate of the equaticn

(11 r = 0.0414 - PC0 .3  a0.36

Fig- 7 shows how the approximation curve fits the expermental data.

"'he combustion efficiencies zeasured in these tests are displayed in Fig. Z_ the diagrazz
reveals. - as ezxpected - the strong Influence of the chamber pressure on the efficiencyof
the combcustion. Decrasing efficie!nces for raising air mass flows - as can be extrapolated
frm the- graph - aro, due to the fuel lean OIF ratios used in these tests.

In Figures 9 and 10, the cozmbustion Channel regression is depicted for varied combustiom
time ta and for varied air mass flow.

5.2 Varied llvdrocarbon Fuel

in Table 1, the effect of varying hy-rocarbo- fuel is displayed. In these tests. fuel
blocks of one and the same geonzetry w~ere burned under the sa;me set of conditions.

uel Compostion PC rr

164 loot E .1 0.111 0.0107 cast
10 001 PE 3-98 ~C,0.219 *0_0185 c=:re..es&'11 75% E 25% HTPB 1.71 4 2 0.0167 cmrse

17 35% PE, 65t aRTPB 26 1~ 0.309 10.0290 cast
i18 25% PE, 754 HYPB 4.? j 0.3;4 ^.0324 cast! 09 too0% HYPH 4.47 e 0.40 000 cast

16 501 P10-th, 501 hTPE 4.4 26~ 0.289 0.0335 cast1
115it 5% IAM, 71 H171 4_4 . 12 0-443 0.0434 1compressedI

L____ I_____ I

Table I1 Regresslon for Varioujs 117docrbizn Fu.21s

It appears fren Table I that switching from cast to compressed polyethylene alone zear-tv
results in a doubled regression rate. P further inczrcase can be obtained by an.1xture of
:14-7. Going over to a 100f HTYPE fuel rezsults in doiu 14nc the regr-assion rate with respectI
to thIe compres-'ad 1C.0% PE fuel. AS the heat of c ustion is rroughly the same for MSardA
for HYTPB, it tliers2fore seems to be possible to choea f-el composition of PE and HnPE4ith any regression rate between 0.1 and 0..;4 rm/s. For trij higher percsentage cf STP11,increasing soot formation haz beers observed, whereas for a 100% uZE-fuel the cozmbustion
appears- to be clean.

Taking P.1-M insteal crf PE results in a visible Inc*=rease .- th~e soot p.-odaction rate: * but
as. P1XA possesas a heat of coobustion w-icb Is rougzly half the corresponding value of
PE, the specific energy content of P._.VP-fuels is s%; what lo:.er thani tha-' -f the
PZ/irTPB-fuels.

5.3 Rearession Rates and Combustion Efficiencies

In TZable 2, a selection of flight conditlons with. resulting regression rates and combus-
tion efficiencies are diaplayed.

Tha regression rate as a funaction of the altitude of ilight for t." three flight ccamdi-
tilons; which requiretd stol-biometric herninv_ (eiF M6 is 4.ien in Fig.; 1.

ZYA
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In-Flight Altitde Pc On I
Mach- -WN er [barl! S iF -114

2.0 0 5.08 503 38 0293 97.7

2.0 3000 3.62 360 A7 o-226 96.9
2.0 5000 2.84 280 36 0.1R9 99.9

1:9 j 0 4. 530 -.1.6 0.301M 96.61.82 3000 3.38 04 T. o. 15 r6.
3.38 16.4 014 ,96.8

1.7 J 610 1 .8 175 16.2 0_.,35 1 9i.8

Table 2 : Pegression Fate and Co s-tion Efficiency
for Selected Flight Conditions

.-4 Codnsticr Channel GeetrY

Fuel grains with circular cross-section were used for t=st o: the experinents perfur-nd.
The cylindrical co-ustion channel provides a relatively low fuLl regression. The ccabus-
tor length may be shortened or the fuel mass flow increased, if the fuel surface exposed
to the c -ustio n gases is enlarged. This can be done by using a star-saped chanel
cross-section. A few test runs were performed to caare a star-shaped to a circular
c-ustio- cha--n el. The circ=ference of t.lo star e was so deigned that it h near-
lv trice the circ=mference of the circle. 'Me cross-se-icnal area of the duct, however.

skept unchaed. This, in consequence, insured an unchanged a- ass flux as well as
uc-=anged area ratios with respect to the flameholder and the eIa=-s nozzle. _ was ex-
pected, the f-e regression increased proportional to the enlargement of the fuel surface
A doubled fuel regression was found for a doubled fuel surface.

AIt

II

o. ___ _ _ -



i , " I !I -: I |

I _L_ i I : ; I i i ; ! _I

t i j _- I " -
I i i i ! I i -L

I I-13 "-s. + + -- -

I'=C

I t II " " i i

I I + '

Fg- 1: Missile Velity Requiremrents( 1' .+ + ._ £ - " , -=-

__sp burning -

- I i _ - -=

dragcom pensagon
by thnsust

0.5

01 i i+ .i-I ;

o 0.3 0,6 _____

Fi-2: Air Massilow resp. Combustion
Pressure Requirement-

II __ _ __ ____ ____ ___

I _ _ __ __ __ __ __ _

' i



8M2, bar

I1= Ia

Alri
I ~ I 7

IN,

2 x'
-n

MA5 MY

Fig 3: Total Pressure and Tota Temperature fmr FlignI Data



I t

" h exhanger 6 00ban,

electric heat exchanger

Nozzle Afterbuinchamber lgnitor Flamehoder

FuelbtockKY J'CY

Fig Experimental Set -Up with Ramjet Motor

__ __ _ _ ._ _i '- .,
02 -- i-

0.23 4_%±8/

mkz525 5 9/s_ I
_I I I ii

0L S

c -] h-31015 5  ,

0 1 c 3 1. 5 £ 7 8
PC -----a [barl

H4-5: Regression Rate as a Rmetion of Cori6SUiOU Pressure

++++| + +

I gs



0,25

mm

0,20 --- - --

--- 4 ~,5 --

Pc3,5 bar

8 9 10 15 20 M, [91cmI. s] 30

Fig. 6 :Regression Rate Dependence on Air Mass Flux and Pressure

0,25

mm
s TAir 28 0 K

0J20

r 0044 ~, 3. ~0,36

01I5

0,12,
2 3 4 p ,3 . j36 6 7

Fig.? Regression Rate Power Low Approximation for Constant
Air Temperature

TIE--



1)~~r8 - io740±28 9/'s
9 7 - -m 0:,525±1S /s

95 rma 1415 -15 9/s -

94 - -,3019s

92---

91---t-

90--

89 ------ .

0 1 2 3 4 5 6 7 8 9 10
Pc-~ [bar]

Fig. 8 Combustion Efficiency as a Function
of Combustion PressurE

mm

--- 15s
30- - _____

150 100 150 mm 200 '

Fig. 9: Combustion Channel Regression for Varied Combustion Time

-Il'F



50 __ _____ ___ _ ____-00,_10.70

575

mm

301_ _ _ __ _ _

0 50 100 150 mm 200~
i -Air

Fig. 10: Combustion Channel Regression for Varied Air Massf low

0,3

\Combustion 
efficiencyms IC* = 0,97

Stoichometric burning

0,2-

0 0,3 0,6
H/H max -

Fig. 11: Regression Rate for Selected
Flight Situations



21-11

DISCUSSION

P.Kort ing
Did you observe during your experiments oscillatory combustion, and if so. what are the rest conditions (chaml-er
prussurc, air flow) at which oscillatory combustion occurred?

Author's Reply
Oscillatory combustion hds been observed, however, no unstable low frequency oscillations of large amplities.

P.Boszko
Did you have any problems obtaining ignition of the polyethylene charge? Did you use a conv.,rtionl Pyrotechnic
composition?

Author's Reply
There were no problems at all in igniting the propellant. We used a conveirtional pyrotechnic device and therefore
had no real igniion problem. The problems arose in initiating tile igniting devilce. This is don. CiLctrically and some-
times the wir-es became disconniccte,'

P.Cazin
Pouvez-vous nous pr6-aiser si le taux de rdgression du combustible vanie entre l'avant et l'arri~se de la chambre do
combustion.

Author's Reply
The local fuel regression is a function of air flo.. rate and combution time. An example of the time dependence
of local regression is given in Figure 9. An exam, le of the dep .,dence of local regression on air flow rate is giver
in Figure 10 of the paper. These two figures were not shown in my presentation of the paper.

B.Petit
Quels sont les nombres de Mach des dcoulements aux diffirents endroits do I.- c'ambre de combustion (entrie.
accroche-flamme, avant et arri~e du chargement et en fin de clianibe'.

Author's Reply
Inlet: NM <.2; Flameholder: M < .7; Combustor Chamber: M < .5; Afterburner Chamber: M < .3.

T.Myers
What was the LID ratio of your secondary mixing chamber downstream of the fuel grain?

Author's Reply
Nearly one.

F.Cuilicc
What were the amplitudes and frequencies of the osci Mations?

Author's Reply '
I can't remember, but I wvill personally give you that later on.

ClEcary
What is the minimum pressure you experiened in the combustion chamber?

Author's Reply
Bet-t.'m approximately'-2 and I5 bar. The lowest pressure was !.8 bar.

_.L A.



TsORN COMBUJSTION L', DiUTIED ROCKETS
by

Klaus C. Schadow
Naval Weapons Center

Chini Lake, California 93555, USA

SUIL'IRY

l-editmensional, windowed cor=bustor and water tun.nel tests were performed to study the qualitative
effect of inlet and combustor parameter on mixing and overall performance for solid boren propellant gas
generator ra.jers wit), t, o opposing 45' sia: air inlets. Highest cozbustion efficiencies wure achieved at

lowest air injection momentu (resulting in minim-m mixing rates at the fuel/air intersection point) and
:ow, t fuel Injection momentum (resulting in highest gas-phase combustion temperatures duriag boron particle
ignition because of fuel-rich plume ignition at the fuel injector). Te decrease ef the combution effi-
ciency with increasing air inJeccion momentum may, in part, explain t! e observed combustion efficiency
decrease with Jecreasing ramj-t cortbustor pressure and increasing air-to-fuel ratio, which ct consteat cir
inlet gertry resulted in increasing air injection momentum. Tests with mltiple fuel injectors showed
hi'at Optic. plum ignltion at the fuel injector was more difficult to achieve at decreasing fuel mass flow

per fuel injector. Toe conclusions of this program are qualitative becaist of lack of detailed data,
however, they provide insight into the importance of the combustor aerodyn.,mics for achieving efficient
boron combustion.

A Area
a/f Air-to-fuel ratio
c* Characteristle velocity

I Le.gth
AV Me" ontum
o Mass flew
P Pressure
V Ve'ocity

W l'f dv.
a Angle
P. Combustion fficiency
AP Press ire di.fareuce

Subscript

a Air
a,w Air simulated by water
CP Cuomusclnn; gas generator
CS Combusticn; ranjor conbustor
f Fuel
f,w Pel simuleted by I:.er

t, Throat; primary actor
t,P Throat; gas genaator

5 Throat; 4-amjet combustor
Ac* Difference In charaeteristc velocity

INTRODUCTION

Efficient bare particle combustion in so-id propeiiket gas generator romjets (Fig. 1; (du.ted rocketz)
depends on a iuamer of ceupled paysical add chemical rocesses. These include turbulent MleAig between -ps
air and the ga: senerator plume, which contains boron particles and unreacted gaensou tuels, ignt.ionicom-

busttoc of the gaseous fwls, and ignition/combustion nf the boron part,ciew.

he imporar,-e c the gaseous fuel c' "stion (gas-phase coxbustion) for sron particle ignition/com-
bustion was studied by $cha-'v (Ref. l-'' r coaxial mixing flow field;. It was shown that e.ly as len;
as the gascouq fuels of thu gas genera ide to react with the air before excessive mixing occurred,
the resutring gas-plase combution cc, ;-ere above 1950k, and therefore hlh enough, to free the
boron particles from thi inhiviring oxi yer.

These texts indfcate that for acnleving nigh boron c- bustlon effici<ncy, in Senaral. ntc requirements
are demarded f.7on the aerodynamics of .e combustor, G' to establish flow regions with near stohebso-tric
gaseous fael/air oxtnre ratios and (2) to initias ga-phase conbL.ticn in them miting rezions. roe
importance ot chess reairemen ior cenbustors -j.h coixiat mixing hag been well established and w-ll be
further illustrated in the folowing paragraph. In ths paper, the inr.ight into coaxial eit:ing will be
used to. interpret experiments whic. were performed to Sguin a qualltaclre -2nder.stand .g fnr non-coaxial

"il '; in ecmbustor wit, side air inlets. Again. enrhesis 'ill Le pla-ed or the effect of the coustor
aet dynamics on gas-phase ignition and o rail perfecrance.

For coaxial mixing, near stoichiometric mixture ratios :ith highest gas-phase combustion temperatures I
always exist in the extreme fore-end of the mixing region Fis. 2. ref. 2). Tnerefore, for achieving h ?h
boron mombustion efficiency, it is nece,.sary to achieve gas-phase ignition at the gas generator nozzle
(fuel injector). This -as demonstrated in test, with solid boron propellants at low renjet combustor
pressure, Fr example, with supersonic gas generator exhaust velocity (fuel injection velocity) gas-pbre

ignition occurred several injector norezle diameters downstream of the fuel injectir after excess air rtrtt
had taken place and the resulting gas-phase combustion temperatures ware below the boron ignition tenersture a -

... 2
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(< 1950K). As a result, the boron combustion efficiency was low. However, at subsonic fuel injection

velocity, gas-phase ignition occurred at the fuel injector in the extreme fore-end of the mixing region

where highest gas-phase combustion temperatures exist-.. As a result, boron combustion efficiency was high

(Ref. 4). It must be emphasized that gas-phase ignition at the fuel injector has to be accomplished

without increasing the mixing rate. If gas-phase ignition is achieved at the fuel injector with mixing or

flameholding aids, the mixing rates may be too high and therefore flow regions with near stoichiometric

mixture ratio. might not exist and gas-phase combustion temperatures would be again toco low (Ref. 4).

In general, coaxial mixing is most favorable to provide initially high gas-phase combustion tempera-

tures for t.ie boron particle ignition process because the air gradually mixes with the fuel. These favora-

bl- temperature conditions can be achieved independently of the fuel injection momentum and aix injection

momentum. On the other hand, coaxial mixing requires long combustor length and is not practical for many

applications such as combustors with side mointed air inletv.

For combustors with side air inlets, mixing at the fuel/ir intersection point (Fig. 1), in addition

to pl,. t ignition at the fuel injector, is critical. Therefore, in addition to the fuel injeetion velocity,

whch is ricical for gas-phase ignition, the air and fuel momentum become important parameters. These

parameters are critical for f:el penetration into the airstream and mixing rates at the fuel/sir inter-

section point. Test conditions may exist, at which mixing rates and cooling rates at the fuel/air inter-

section point are too high, thus resulting in reduced fuel reaction rate.

To gain qualitative insight into non-coaxial mixing, experiments were performed at the Naval Weapons

Center (NWC) using a two-dimensional (2D) windowed combustion chamber with two opposing side air inlets.

The qualitative effects of combustor parameter such as fuel momentm (dv)f, air fuel injection velocity

nvf), air momentum (fv) , and air inlet geometry on mixing/combustion and overall performance waq studied

by correlating mixing data from water tunnel tests with flame characteisties and combustion efficiency

datL from combustor tests. Experiments were made with n.n-metallized and boron-laden solid propellants.

The majority of the water tunnel tests and the combustion tests using non-zeallized propellants are pub-

lished in Ref. 5. Highest combustion efficiencies in tests with an air injection angle of a - 90' were

4 c..ieved at lowest experimental (irr) or v (to achieve plume ignition at the fuel injector)and lowest
(to achieve good penetration o[ the reacting plume into the airstream).

In this paper, the 2D combustor tests with two opposing 45* side air inlets and solid boron pro-

pellants, as well as additional water tunnel rests, will be discussed. Specific objectives of the teat

program described in this paper were;

(1) to determine combusticn efficiency as a function of independently varied vf, (Ev)f, (iiv), and

fuel injector numbers and as a function of air-to-fuel ratio and ramjet combustor oressure, w'hich included

the dependent variable of (mV)a;
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(2) to describe flame characteristics in the windoaed ramjet comb~ustor as function of rhe sane para-
mter, In particular to qualitatively essee the effect of positloo of ploso ignition. which oay occur at

the fuel Injector or nay be delayed to the fuel/air interorotion point. on overall performance;

(3) to describe water flow. nixing characteristics In particular at the "fuel"/"Sir" intersection point
as function of "fuel" and "air" Injection comentum and "air" injection angle; and

(4) to provide qualitative Insight into the effect of vf. viv) I and (CV) on nixing and overall per-
forsancc by correlating the results fron water tunnel and windowed coaustor test..

The variation of the foel injector number in the combustor tests wan performed at constant overall
propellant (fool) ason flow. 11 . Therefort. with increasing Injector number. ite 6E per injector was
decreased. Eopcriaocot% in Rcl. 4 showed that optixun plane ignition at the fuol injcctar was more difficult
to achieve with diecccsIng os. his 

6
,-szaling effect. --fifith was related to the interaction between ganeoun

fuels and boron particles doring plunoc igojenu process, Is not yet folly understood.

The 20 design of the water tonnot and conh,.stor wan c'iosco to simplify the flow field and to mak, the
mixlngltosbootion more accessihle for experimental ob~,rvaticw. It =ust be realized, that the 21) flow
field does not fully represent a 30 hoaw In an asisymtrIc combustor with two opposIng side air inlets.

EXPERIMENTAL SET-E1P

Fig. 3 s'n'~ a scileotic Iraoing of tihe laboratory coabuntor with nolid propellant gas generator and
windowed ramjet conhostor with two opposing side al, inlets. In. the gas generator with a 45% weight boren-
laden solid propellant, a two-throat arrangenent was used to vary vg at connta.it :i. Sonic and subsonicvI
were studied. The numsb" of fuel injectors was varied fro:: I to - and 3. Arrangeornt of ther foel injectors
say be neon from Fig. 3, In the ranjet combostor, easy Variation of the following air Inlet geometries was
achieved.- axial position. L, ; length, L ; width, Ii and angle, a.With the geooetric air Inlet changes,
the air inlet Hath numer varied bet-.on 8.05 < v .68.

During a typical test, the air nuss flow. A as varied between about 2 and 4 lb/s with = constant
at ahoot 0.25 lb/s. Loaluation of the tests 4asap rforoed at the lowest ind highest air-to-f~ef ratio,
8/f - 6 /if of ahoot I and 20 corresponding to ar' equivalenrOe ratio, -.. of about 1 and 0.4. The raa]Ot
combust-r ressure. P CS, wa varird octueO 25 and 92 psa by ".rying the ranjet conbustor throat diane;er
D With the changes of i , Ps and the air 4ilt area, A , (:IV) varied between 124 and 2910 lb ft/1s.
Ike fuel injector pressure ratio~ P /P no u - about 1 -ad 14.9, (iv), oetween Z and 1250 lb f t/s,
and the oentue ratio (-.v) 14). etes.16 sod 3.8. T1he (iAc) is thA product of the total 4 and v
of ec Inlet, (hv), the product t ooth -., Sod V, of one injector.' The detailed test renditions tor eacA
tent nay he seen fron Table I, welch givei a isuoary of the combustor tests.

Experiowntai rethods consisted of gas generator and ramjet conhustor pressure measurenents, I-, and
P tnsd high, speed color psotography of the flame In the ramjet combustor. For eacn test. t',e colus.ion
efficiency, -, Sc2 (referred to -,In the follutiog) ',as calculated. which 4as based on the P difference or
characteristic selocnry difference, 3c*, with and without combustion. because of t"e hcavy~ardware and
relatively low El signiforant heat losses and therefore low talculated '~even for efficient combustion
oust hr expected.

(' \W.

st 0, -2.45 IN1
30I IN (SCI) .11

45% WT B0O0ON
3-5 INI o 125 IN AIR INLET AREA Z52<A,4<LS HIT

401 IN x US IN AIR INLET LENGTHS 0.3L<A IN
AIR INLET W.t)Th W. 4 IN[E1 ]LJAAR AXIAL "OITION 3LS<LM<.L2 IN
AIR ANGLE 4S DEGREES

FURL INJECtORS

Figure 3. 20 Runjet Cocbostor.

Fig. 4 shows a schematic drawin i f the water flow tunnel. Aerated water was used to simulate the gas
pentrator exhaust products ("fuel") and clear water to .1lnasite the air. The coetric "alt" Inlet vari-
ables are shown In Fig. i and are summaarized for each water tunnel tent in Table 11. "Air" and "fuel"

iontco. (&v) nd 6V,.w' were varied by varying the pressure dif ferente at the "air" inlet and "fol"I a~w

to -
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TABLE 1. Combustor Tes..

F.-- = ec- PCP 2b 2._ UN _. 
a 

()a

Test no. s e [ If$ l 2 _"__CS

Lot~ ~ ~ n- ~sPi

Is 1 6.2 756 138 0.18 0.052 .5*.
1 8.3 4.9 813 242 0.30 0.052 81.1

2& 2 11.3 7.5 929 !51 0.16 0.C5
"  

54.5b 2 15 .9 ,2 947 247 0 26 0.0.8 77.2
3. 3 17.0 :.3 551 153 0.28 0.058 49.9

b 3 9 17.0 5.4 862 j 244 0.28 0.059 76.6
4a 1 10.1 3.1 795 130 0.16 0.048 62.2
b 1 15.0 2.2 714 205 0.29 0.050 89.7

5. 2 10.7 2.7 674 125 0.19 0.048 59.4

b 2 15.0 2.1 633 216 0.34 0.052 86.6
68 3 .5.3 2.2 409 240 0.34 0.05A 48.4

b 3 R 7 1.8 501 240 0.48 0.056 82.0
78 1 33.9 1 156 342 0.91 0.054 52.4
b 1 20.1 % 127 .6 1.92 0.059 76.5

2 1 0.3 3271 7.
m 2 10.4 1 123 125 1.02 0.047 61.2
b 2 14.6 110 224 2.03 0.052 90.6
9a 3 13.0 :1 58 140 2.43 I 0.054 52.6

b 3 17.9 -1 52 241 I 4.63 0.058 78.1
10 3 0.7 3.2 687 594 0.87 0.24 44.4

14.9 2.4 94 985 1.42 0.25 67.1
12.6 I 1,6 592 3.02 0.23 48.4

b 1 17.4 I 188 1070 5.76 0.26 68.0
M 2 5 3.1 802 515 0.64 0.20 54.0
b 2 12.8 2.4 836 859 1.02 0._.1 83.6

13 2 18.0 "1 228 726 3.19 0.17 28.1
14 2 19.1 14.6 971 778 0.80 0.18 25.9
15 2 16.0 6.7 995 778 0.78 0.18 26.2
16 2 13.2 8.2 1220 2980 2.44 0.71 25.0
17 2 1.5.6 -1 315 2870 9.10 0.68 26.3
18. 2 6.9 4.2 1230 2410 0.20 0.092 63 .1

b 2 9.8 3.12 1250 * 408 0.33 0.099 92.4
19. 17.4 108 319 2 97 0.119 '9.9

20.3 1I 127 508 4:01 0.2 78.1
20a14.0 6.1 68 88 0 44 0.113 49.9

14.7 6.3 1027 I, 4,17 0:49 0..1 9 77.5

w - -AIR- INLET

A..

WATER . _

AIR . -Ait INLtET
FUIEL- INLET AREA - ARIA 4.3 <A < 92 IN0

A,,
w  

WATER , ANGLE 46<%w
<

90 DEO

*LENGTH 12 < - 1 2.4 IN
Y wTH W.. - 4"IN

* AXIAL 2-4"< L. <43 IN
*PPE, 9FF. 0043 < " 's, 

< 
017 PSI

*-Uft" INLET
sR. D. . 5 < AN <20 PMI

*AREA A,.. - 0 046 94

FIgut 4. 20 Water Tunel.

__

_____________________ m m , nm 3mm,,ia



TAB'E~ Water Tunnel Tests.

a~jaw a . A, 1pO .
L I V f -DEC lN 1 4 .2 ' 20 1 20V~ ~ I 09

IN IN I PI w f

24 9. .030.24 10 o18222W 45 5. 
1 19 4. _gz o 0603W. 12.3 4 4-9. 10.017 5!0. 241 0.0451 201,

3~ 90 3.9 29.7 
3.65

60 .4 2.3 .4 3.82
The water flow characteristics were recorded with high sPeed and still Photograph)-. One example is

shown In Fig. Sa. Th- inf~rapcso h ae flow field 'ere ergphastzed in~ sketches as shown in
Fig. b. In Thspethe niiayn flowscharrhcteircs will be described using such sketches.T o a c h i e v e p r o p e r f l o w s i u l a t i o n , s i i l a r i i e s o f g o me tr y , R e y n o l d s N u mnb e r i l f C a n L t r i c -t.-i u e l t

moantu ratioe (6vusi4 the ' hawe to be aintained between water tunnel and comu.Co/a a nar-ofe
waE chieed b usig at e geomsetric dimensions (inlet and combustor) for both set-ups. 

5 The Reynolds

number similarity was satisfacor with Re - 0.5 x 10 in the water tunnel and Re -1.5 x105 In the comn-
buster. The filr"-t.o--"fuel" ratio In the water tunnel was varied between:

whi.h wa 8( (" a* a v I 39.4

whih ws i saisfctoy areeentwith the i a /A range In the combustor with

A w n f aete"air" Inlet and "ulInetrareas. The "ar-o-'u omentum ratio In thewa te tnnewws vaidbetween

.16 ---( 5.8

(6)f

(5a)

197
is ~ 095

(5b)I 
Figure 5. V.ater Flow Chiaracteristics.
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TEST RESULTS

Windowed Combustor Tests (Combustion Efficiency and Flame Characteristics)

FiS. 6 shows n for two P le.vels. Generally, higher r:was achieved at about 10 psia than 25 ia.
It should be noted that with Se reasing P,. (iv) increased froo about 2-5 lb ft/s to 750 lb ft/s or v
from 0.055 Ma to 0.16 Fa. T1he tests in Flu. 6 included a wide variation of (w) f which effect on nl willa
be shown later.

Fig. 7 shows n for twom a/f levels. Generally, higher n. was achieved at about a/f11'- toan a/f-IF.
It should be noted that with the increase in a/f, (&.) aincreased because of constant air inlet geometry.

Fig. 5 shows r as function of (iv) for wide ranges of P-, a/f. and (&V)_. All tests wert made with
one fuel inje::or. Itnyb.ee.ta 5  

generally doc-eased' with Increasing tf-v).

Fig. 9 shows n as ftnctito of (*v) for all the tests conducted in this program. It may also be Zetai
that ngenerally decreased with icesg(v)adespite the wide variation of P CS I.(v).PP/
and fuel injector number. S

Figs. 10 and 11 show rias function of (L-v) and P /P for nearly constant (
6

v) -of 130 lb ft/s
2

.I
may be 3ean that except for Test 2a, n.was nearf7 indepeade6t of .6v an Itfo hs4 t 5p
P rznge. The color movies showed that for all the tests except Tes[ 1 iig~ IIad12 ln ±nt

occ urred at the fuel injector and good plume penetration into the airstream was aciiievedw In Test 2a,
however, plume ignition did not occur at the fuel Injector, but was delayed to the fuel/air Intersection
point. This delayed plume ignition may account for the lower ni in Test 2a t:.en Tests Ia and 4a at the same
(fv) ~. The delay in plume Igniticn in. Test 2a may be t.ic result of the combination cf high (--v) f or P&F.JPC
and low af per one fuel injector.
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The 060) cr P 0 ,/P had no effect on - as long as plume Ignition occurred at the fuel injector. TheI
rdecreased with increasfing (jv) , when plume Ignition was delayed dow.r.strea= to the fuel/air Intersection

II

point at low 6for low Pim.

The color novics indicated that giund fuel penetration into the air was achieved Independent of (--v)-it appears that the 4531 air injection angle was favorable to zaintain good fuel1 penetration vizh decreasing
(Aiv),, which nay also be seen from the following water tunnel test results.

Water Tunnel-Testsj

Figs. 15 and 16 show the effect of (iv) I fv on the utming characteristics, In particular, atf

the "fuel"/"air" intersection points. At (v fiv, -0.5 (Fig. 15). at which highest -,was achieved
in the combustor tests, mi'xing rates were vsby lower than at (--v) a /(&-) -. 1.82 (Fi-g. 16). The

II

increase in nixing rates in the water tunel tests with Incre"asing -I() ay explain the- observedn-decrease in the combustor tests wi.-h Increasing (mv).
The effect of a on "fuel" Denetration Into the air for (me EIC ) -- 4 is shown in FIg. 17. It

f'w

nay be seen, that at a 9O,/ sdinificant avon nt of "f:l' as reflected the "air" stream rack into
the ples region. FrSA"herc, it flowed downst-re a on both sides of the air let along the t nel wall.
These flow patterns indicate poor "fue" p enetration into t he aie siren at a 9dpe At the sate

=t= ersatio. "fuel" penetration was icroved at a - 60b o probably o uil%44 further ihroved at a
- 4? which was not studied in the watr tunnel.

AtrTnnlTs
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DISCOSSION

Efficient boron particle combustion depends on a number of interrelated combustor parameters. In the
following,-primarily.the qutlitativeeffectof (Av) , (6v) -and-v (or P /P ) on ryw ill be discussed.I urcherrx re. the effct 0£ _de Pne~rn er will be considered which p9nts out-oa i, scaling-,effect

on n. From the available test results, it is clear that only a qualftative-assessment of the effect-of
each of the-parameters on n can be made because of lack of detailed flow data. For the interpretation of
the test results, the insight, which was previously gained into coaxial mixing, was helpful.

For the-combustor with opposing side air inlets, (iv) appears to be the most critical parameter. The
tests clearly showed that n decreased with increasing (iv)a. The water tunnel tests indicated that the
,-decrease was caused by increasing mixing rates at the fuel/air intersection point which probably resulted

in excess mixing or cooling in the reaction zone. Excess mixing is, in particular, critical for boron-
laden fuels because the high mixing rates may prevent flow regions with high gas-phase combustion tempera-
tures to be established which are required to free the boron particles from the oxide layer.

The demonstrated strong effect of (irv) on r, may, in part, explain the n-decrease with increasing a/f
and decreasing P which at constant air inlet geometry resulted in increasing (6V) a. Although the n-
de.pendence on a/Fand P,, cannot be explained by the effect of (6 v) only, it seems clear that highest n at
1eo PC and-iigh a/f e'be achieved at-iinimum (6) ( a.on

A strong effect also of (Ev)f on n was expected because it is critical for both fuel penetration into
the air and plume ignition. However, the (ixv) effect was less than anticipated because good fuel penetra-
tion was achievedoeven at the lowest (mv) , ang optimum plume ignition at the fuel injector was achieved
over a wide ruig of test conditions as hdlscusned in further-detail In the following.

Good-fuel:penetration for al the tests was probably achieved-due to a - 45*. Water tunnel tests
indicated that at-this a- , even at lowest- (&v), , "fuel!' penetrated Intoathe "air" which was not the
case for a = 90". Inate combustion tests, no'visible effect of (1v) on fuel penetration was noticedIfeither; thtrefore It must be assumed that any significant effect of (6v)f on n was mainly related to the
effect of (6 v)f or v. on plumbe ignition.

At low (iv) or subsonic v , plum ignition occurred at the fuel injector and highest n was achieved
at all (VV)a or f levels. WAL plume ignition at the injector, probably highest gas-phase combustion
temperatures were achieved as demonstrated for coaxial mixing-_in Ref. 4. With Increasing (&v)¢, the n
remained constant when plume ignition was maintained at the optimum position at the fuel injeefor. This

was the case for 45 psia < P < 65 psia with 6f > 0.25 lb/s per fuel injector. The n decreased with
increasing (im)-, -when the increase in (Av) resulted in delayed plume ignition at fuel/sir intersection
point. With thls ignition delay, probably he plume combustion -temperatures before fuel/air intersection
wore lower-and-the combustion during fuel/air intersection was more adversely effected by the high mixing
rates. Decreasing n with increasing (6v)f wa observed at PCs-25 psia, And at 45 psia < PCS < 65 ps!a in
tests with more than one fuel injector.

The observed plume ignition delay at low Pc and high (iv)f (or high vf) is consistent with the coaxial
mixing tests. It had been shown that the ignition delay, which is probably caused by long reaction rates
and insufficient mixing on the mlecular scale, resulted in low gas-phase combustion temperatures and low
no

The observed n-decresse at high (fiv) and two or three fuel injectors point to the a, scaling effect
in plume combustion discussed earlier. T e results of this program and of Ref. 4 ndicatA that plume
ignition was more difficult to achieve at decreasing ff and could therefore be more adversely effected by
increasing (&v) or vf. This 6 scaling effect, which in Ref. 4 was related to gaseous fuel/particle
interaction durIng plums ignition, has to be considered when more than one fuel injector will be used. The
rn1 scaling effect is critical because the gain in improved mixing with multiple injectors may be offset by
less than optimum plume ignition when i is decreased below a critical value..

CONCLUSION

For achieving high n in combustors with two 45* opposing side air inlets, the position of plume ignition
and mixing rates at the ful/air Intersection point were critical. Highest n was achieved at lowest (iv)f
(resulting in-plume Ignition at the fuel injector and therefore in highest gaseous fuel combustion tempera-
tures) and lowest Obv)a (resulting in minimum mixing rates at the fuei/air intersection point). The strong
effect of (&v) on n, may in part, explain the n-decrease with increasing a/f and decreasing P , which at 4
constant air iAlet geometry resulted in increasing (iv) . Teats with multiple fuel injector s'% ed that
optimum plume ignition at the fuel inpccor was more ditficult to achieve at decreasing Uf per in, tor.

The conclusions are qualitative because of lack of derailed flow data, however, they provide insight
into the importance of the combustor aerodynamics for achieving efficient boron combustion.
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DISCUSSiON

R.Lo
Wouldn't you consider average temperture in the mixing zone, boron particle size, and geometric considerations as
more important parameters influencing combustion efficiency than air injection momentum?

Author's Reply
To achieve high boron combustion efficiency, high temperature zones downstream of the fuel injectors are essential
to free the boron particles from their boron oxide layer. Air injection momentum (air injection velocity) is one of
the major parameters determining the magnitude of the temperatures, and therefore, one of the major parameters
affecting boron combustion efficiency. (Note: The following paper by Mr Besser also points out the importance of
the air injection velocity.)

You showed us a slide where the ratio of the air moi.,entum to fuel momentum varied from .5 to 2.5, and yet your
flame pictures showed an optimum in-between these values.

Author's Reply-
The flame photographs had no relationship to the test data I showed. They were only used as an example. These
flame pictures were done with a non-metallized propellant that had no relationship to the combustion efficiency
results in this presentation.

LNadaud
Quel est le pourcentage de bore et le pourcentage d'oxydant utilisds dans le propergol de votre g6ntrateur de bore.

Author's Reply
The detailed information I cannot give you, but the boron percentage was 46% by weight.

R.Monti

I think that all your data points out that the main parameter is the stay time of the boron particle at high
temperature and so that would explain most of this data. The particle size distribution is also very important. Did
you make any experiments of different particle size?

Author's Reply
The original particle size in the propellant is sub-micron. Of course, we don't know what agglomeration takes place
in the gas generator and so we don't have detailed data on the effect of particle size.
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ER _RET MSEAU PODTWO;
?ROPER4GIL SOLIDE POUR STATOl-FUSEE

JI,. BERARm .- _G.-D0RlATH_- c. PERIJI -;-DIRECTION TEMNIQJE AUTOPROPULSION

Cenutre do Recherches du Bouchet - .P. N*2 -91710 VEhTIE PEI FRANE

Des gaz r;ducteurz susceptibles d'alizienter le foyer d'une chaschre statotgact eeor psuvent itre
gfi6fs par un propergol saus: M - La solutioi iteiue en vue d'avoir une disciaBtion totals a~t
d'incorpdrer oni faible quiditirfi d'on ox~d3n eraiq dana on-liant hydrocarbomnd. La comositon-portant

Ic ~oiEiode.ii si~160 t~ra tCra~ dei-points doi vue miac en oeuie. proprifits mfeaniques
et bilistiijues. Ls ripercution sur lea pa-_ --tres-,balistiquis de la granulcmitrie et do taux de In
charge 6tde ~a nature du lianti a'dtdo ivalude.

INTRODUCTION

Depuis le ddbut des annges 1970, Is Socigtfi Nationale des Poudres et Explosifs (SlIPE) en
collaboration avec l'Office Natiooal d'E~udes et de Recherches Afirospatiales (ONERA). sous contrats
de Ia Direction Technique des Enjine (DMTE), a cherchfi A ddvzalopper des propergols aolides dont In
combustion produisait des gas rfdcteurs. Entre autres utilisations possibles, ceux-ci pouvaicat servir
de cosbustible poor ls propulsion de statorlacteurs me prodoisant pas de funfes. Nous nous proposona
dame le-cadri do cet article-de dfitailler Ia ifabrication de-ce type do propergola e de pr~ciser leora
performances.

.Catte-nouvelleismzille-de propergola produissnt des gaz r~iucceors eat, is troisime d'une
xrie de prodoits dfveloppis en France.

Eneffet. dans on premier temps-Is SNPEa2 mis so point des-forcularious 1 base Woun oxydant
zinfral etdin liant hydrocarbone-. Celles-ci de-coulaiet de rocherches exfcotfes dams les laborstoires de
lONERA (3). Ce type de produits qui constitoait Ia premi~re gindiration, a sobi avee succeis des esais
en vol -de missile I carborant solide (1) (vair-tableao 1);

La-seconde~ggngration, raiae ao point oltdrieurenent. fitait fond~a sar l'utilisation do zd5
oxydant dana-liant hydrocarbong densifid. Laougmentatiom do demo itEStaeit-compensie par one diminution
de Ilipolsion spgdcifique-et do Is chaleor-de combustion dans l'&!r. En effet# Ia densificztiom~augmentait
le taux de carbome au ditriment do taos d'hydrogine. Cette seconda g~nfration n'a subi josqo'A prisent
quo des ossais en soofflerie.

Poor Is troisiime gfofration dont lea propriftfs do'n repr~sentant vent itro dicrixes, Ilefform
a portf plutot- our I'augmentation do la-chaleur de combuatiom dana l'ir,- sans modification de dersiti
(voir tableau 1). Poor sugmenter-clle-ci, an a'est rspidouent rendu compre qua loutilisation des oxydants

mingreux classiques dans Rea-propergols iEtait insuffisamto. Ausai divers oxyisants organiques ont-ftE
alors testis. Ceox-ci donnent en gftfral des performances sopfricures car .1 l'Stat put, uls bralent plus
facilemant qua lea oxydants- mingraux. 11 faot dooc; des quantit~s plus faibles de ces prodoirs Snergitiqtes
pour-ontretenir I* pyrolyse do propergol.

Sur cette base, a 9t9 mise au point one odrie do propergols a-viresse do-combstion et
exposant da pressalom diffirents. Pour lVona .os compositions lea tmieox connues, Is gain de performance
par rapport sux preziares ginfiractos, coest-l-dire la chaitur do comustion dana l'oxygfmo acteint 9 1.

1EVALUATION DE LA-COiM01TON DE REFERE

Sons ls- non de -code- 1603. a it! figie cn forrmlation de formule b-fure suivante (base 100 gramme$)

C5 %.38 01.15 "0- 44  P'O.02

Uoe telle formulation a one chaloor de cobstion mesurie dams I'oxygme do 8020E caig at
one masse volw -qme de 1060 kg/n 3 .

11. TempErature des gaz dagle-grateur-

Les codes de. calcoulhaobituels dop~iindspromne ierqoes de _rpergols~ne seint
4p- 4dpe n acl -de -la *ziErtur dos 47 gasdoyolyze -dos propergolsfroids; En ffot- -!la -font

l'hypothfso do "qoilibrei cliimiqo_ dan i e re ogenes tofr- do gat.AVr- Is abit raprator e
flue onduir a one d oosto cultcoslat Rnp tilir -ocalcusfn prcr

des ~taoxSIeves do c aaoe solido (do ~loood 0)O t seet t le presaneor.1bydro-
eArboros ligers -it !curs. Par .silleural is ceasiseron oxzcro-des prodoirs -do- pyrolyse varie-au cents

- -~~ = Par -xtaoudiaire de-theruocaules platiee-platino rhodi& an pent avoir accis, a-is tempfrature -

-Aesurt doe gas. Ce'le-ci i's tablit A 920 .KmiV1ro porle propergol I63

PRE
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12.-Porfornances thgoriques-dans on saaroracrour

Pour fivouer lea porforaacos thioriquez do, tea propergola, ii faur convonir do conditions do
riffroncos pour- ittorlactour Dana los-figures 1 or 2,ou conoidire quo ceiti-ci foacrionne 3 ta."
proasion-do 0,57 Wihot qua ilair oar introduir data des coudirlins d'altitude ale ot do Mach fgnl a 2.
Uj igure 1 donne 1'hvolurion do is rcpirsruro da foyer ITEC ot do flipulaion spicifique (IsAtP) ,par
Unirtd-poids du silango arriducrour~in juction du~rapporr-doadibits d'nir or do cooburant (AIF).

On _otquo Ia te~4ratriz atteint 260D K au visinagi rapport stooc xametrique (9,S) or quo 1 i' 1u-
j io culne a 92 a

La figure:2idfcrir l'6vouicn-oei fonction du =Zm rapport do I 'izpuia;onranEae au tdbit
do, carburar '.rs$.

-i3. ica en ow' -ra do caririst

Sans diraillor I& compoaioin exaote do, In formilarin 1603 qui oat braerite et clasaifi~o,
-ii st iiporstz Viziiquo ~uoquo ilirfodiaus: 10 rauz gocags solides qul eat incorp=r

p -irgol ait -do =1i0sd 30ao l nt oa -gas; 'lo s it o polybnraduiaon, qut eat un
prepolyniero -eaivmn fl e .Aui In pfle do proporgo -i inmaa'i- eir- oll-p visquoso A3 sisi-Aro BROKIELD; at cycle par abate cello-tci ear -do Virdui do20W0 poises. lAcoledippgb

nz pour des -forces do chargerent rourM-etiiea. a- tris-air na graviti sols porne do ranpIli Its
rcuios sans sucum artifice. Ceci -ontr...: awot lea di!! icuiris do n zisi on oeuvro de propergols cmoartit
do perchiorste d'ona (20-30 1) do bore (35-45 1) ot do riducreurs solidos. to dernier typo do
p ropergols eat caractiriad par do, fortes viecositis, car leas granulonitries do rc charges sont ginra-_
ionent voisinos ot fines. Saulos lea techniques d'injocrion or do conprossion pornettoar do rialisor des
blocs or ceoL dados gioni-trios sinpios, bloc 3 coeuation froatalo par coumple.

-Apria Ia coulie, Is polynirization-dii proporgol eat do, 7 jours-3 60'C.

1 4. Prprtis sicaniques, orE~i~ !

Los-projriis nianiqurs dii atirist oat fi ivahufos sur fprourerros haitiros 3 diffiriaros,
virossos, do traction (R), matro 0.5 or 500 =i= (tableau 2) or dsn is plago do -sprture - 54, -,74'C

Le faiblo taux do charge an oxydant cofal ir 3 t prodizit do boem propriftia sicaniques. A WOC. la
charge 3 -srupture at- do 7,9 bars at i'sigesentassinai do, 154 Z. Cas valeara sour rospactirosent
fleslA32 barsaetA0"MZ pour - SVCath1 5barseat 90 1pour 74 C.

Les riauitats do, contraintes 3 1i rupture-soar-ropriaentis-dana is figure e 3 en riduisant
lea courbes par iquiralanco vitease do trscnion-tespirature.

Coin caracririsriquos nicaniques sentient ot propargal particuliiremnr apto 3 l'utilisaroa en
sizul-colli. Coo ita aivoau do ritesso do combustion impose mne combustion radiole, or quo Io tans do
risidos ilati bazrnit pratiquenent dm-esinrortsu s oalocs ailis-collsl cmuation
VrHdiaosont dac poasiblas. -En diamitre 300, uzibloc do-torto F=DlCfLtdurersit-envirom 200 socoados,

-Co qui -correspond 1I uaepoaaibiliti d'utiliation. Anc =a form itoilis on dimsnlrro 2WO m, one onre
do combustion do 40 secondos pout Sta fienntn-sge

15. acsoinisriques do sicuniti

Par rapport sux propergola classiquss gnanrm des'gss nidocraura, qul sonr coastituls dWon
ozydant-ninirsl (ganiralement In psrthlorsaro d'incnita -et d'un liant hydrocarboni, llutilisarion d'up
ozydant organique 3 canacrire explosif renatbligsroiro-umeo caractirisarion fine do is sicuriti dur-ii-
sation.

Le tableau 3 fournir Ios valeurs do jugesent habitueloes: dams cc, domaiac. to sensibiliri ama-
ada par lutiliarion do cait oxytiars organiquos maet voisina do colic des propergois 3 ozydsnts =xiraux.
Ils soar donc clausfia-ca 1-3.b (OX?).

16- Propriftis nicaninuos dot collages

&Los quslitis d'adbirencc, do Iz cositioc 1603 &ur des-liners at inhibirours do type nBC'r.
PEMl ot PVC oar in ialuts an traction or an peageo. Ues prapriitC-s iftsnijaezi inrUi sariafaisanres

ananr ou ls inrsdotpo PM. Par axmple, pour is- liter I'Ml, Is khrg Is rupture car do
5,4 bars. Cotta valer ar- ri proche di is chari3s uhr do -sa coqosizion IW03-ui eat do 7 bars.-

routes les ruptures des sseages ianl6O3 cat lieu 44£
ges faoa-cchisiro d1ana it proporzal.

co qui confirm Is qualiti do co collar, at Ilaptivude doe ces propergols 31 wariier ats blocs noulfis-callia
(tableau 3).

17. Evaluation do la vitosso do combustion an-blocs

L'iZvaluarion do is vitoaso 6decomusion do cotta c*-p&rition-a jab effecnuo-ontro 6 et:120 brs
afnc des blocs da 11 kg3 canal central Zxoiii. La preasion do 6 abi eat filiE -diapbragiai& scio,
to qul parser d'iviro es-tiit.t-focisn -do anor er,- stable- da -I- dudwinae prosaion tzpiori.
La virasac do, couusioa -ostfaibio-M(092 tw/sj -h0 ars). La ~rba d'Evolti- J -i-s virtaset one oat doeI

prsiccairea prdi zap iiii wotna dlto a~ffcro-~joars do tir do
-f:'io~uctfg-rArL vitossoldo xnrz n passe do -0.5- ts;3- ;10,ts 1.i / At10 as.t

--r-ft sidev=-

-- II-
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in taile do diargement oti in pression do tir. It ear cuapris atec 10 or 14-1.

Lo coefficient do teap~rnture ear de 0.55 2 par -dogri. Ccci oat evne valour relariveourt
flni, at i-nt posstible do fMduire linflionce do -cc prmroarluilaond atrte aaif

do-le iltmion it -11.

18F. Eialtiation-des r edements~ do-cedbiution cn:cbatrr tator~ncteur.

do diazzire 3 4 enttfiis d'air. ittnese-einjlanr tint vitesso-de--Vo1-do Hscir2 or tine altitude -do
13 it ~ par tine socigth aiericaine ARC en chanbra do 132 mm.

bans -Ye premier tins, It bloc gin~rateur f-unctionne 3 tine pression zoyanno do 32 bars. at
-- dibite 0,280 Wgs pendnat 47 a. to datit d'air oat do 7,2 !ceje. La richease est do 0,38 (courhes do tr

on fgur a'5).La discbre satoriactour a parfsiii nrzfoncriou6 Ia porte do prosaio roate I tr
los -mancheai !air at 13 fits do In cb re do combustion cam do 14 2, Ye reudoocur do corzhuaritn dfif jo
cOMsE autla rapprt ontre Io di-bit do saz brGiC et Ie do~bir do gat injecti est do 0,91.

La douiiaow ivaluation a'ost diroulic danas It -cadre -d'un conrrat -do lAFAPL. La SIU'E a lir6
3 ARC 10-chargeta spout fivahtiin -an bang ~et-en ebmio statotiactotur do 152 =do diamitro. Cinq
ossais cut frE rfalisis avto succis dana cete ojr cunfiguration;- Lsredntaocohsin sont

rib dis (2).

19. Discr~itiond dijt-dti stator~acmour

Povi los proporgola do la troisiice ginirarion, los produira do combuation des gas do pyrolyse

avoc Pair soar essenriollonent Se"t aux pressiona at tonyfranures habituollos. En effor, tIna soar
conarittiis principalorPar d'azoe er d'oygcne. or d'uzrje de-giazcamtoniqmde or d'oau. En raison do
l'efficacitido In cotniarion dos gas-riducrotirs,-tris pea:-d-hydriearlureafirbrlIs sortent do la chacire
do combusrion, at usx sour trts diEs. Aussi is transparenc do jar ear, mile, trz-3 bonne, supfioiuro

* par exczpla an ~milleurs proergols double base sans fmfi. En effet, dams cc dernier can, Ies ndditifs
balismiques (sets do cur., do plumb) et !a prisence d'inhibiteur riduisen-t ligirtent In transparence.
Sous cc rapport, lea formnulations a0 cc type scant Me s niues awc for~lntiona ati bore gui scat
trig indiscrts.

42. U0LAME 3E LA VITESSE 2C(IMSTIM

* La cowiruot dot Yes performaices carntR dicriras ti-deacon nWest que Ilunc des pnssibihitis
ccd riglage des pr.yegolu iisi a.a gAnrAtion. En fainS-at varier dvrs iisxflerres, days varimites
peant We atteintes.

21- Influence do In g-ranuloctrit- daI'utvdant

L'utili Iiatio-n d'one qualtS -plus grossef pour I *'nydnr nodif to p-anfandicoar Yen- qualitis
cinitiquos do tmirWU (figure 8). La -imesnc do cotusmion 3 50 bars chute do 62 Z. La sennibiliri do
In vitesse do cmurion I Ia pression devian-t beaucoap plus foible- to rn do risido ent higirn
sqiinitur A cohui-4o Is composirion 1603. 11 ear campris matre 13 et IS 2- L'urilization do vnr-ris
Wirniques doe'xdn n entnhine pas do nodification do- in vitesse do combstnra.

2.Ifluence do taur d'osvdanr

La dimution do Z2 Z do to= do charge praoque one diminution imporracte de It viresse do
ctuin.A 50 bars elle passe do 0.92 --Is pour In composition nonimale -9 0,45 mm/s. La senasibiliti

on foaction do In prcssnion noesr pa riadifile. La ran do risida n'est ig-caent pM affecte- (figure ne)
an a repplaSI'yd orgaaiquepmiur parrie~par -on liant do denairi plus fai ble, !a deniti

prtyergoi n'es!t plus quo do 1,04.

En raevache, In diminution do t aen oxednut entraine one augenttion do caractiarerdorr
des gax g~uErfs. La chaleur do cmbusion dana l'osyis dei -gale 1 8500 callg cantr 802 c pl por

is coeponirion 160 inanle.

Si one diminution do taux do charge entraine one dimiuind-nvrsc one augunan
dii taut do charge de 23 X entratme a augmentation de 63 1 do ls vitense do cebuntion. On -wit studi

quo I type ;a foscoalation permit cae variation do vitesse do cebustion Von facteur 3 =iz..

23. llodification -do In nature des liars

-L'urilisrion d'un liart polyburadizn aci i v -oaanentd int usual tortmine, pear
des taut do charge idenriquen, ume modification asses sensible de I'Evnhurion de Isa vitesscde a uto
en fouction do !a presnion (figure 8). cet efferant mitm notable I basse paession, top u" do risido$ ea i6 1, ii ant dent nerroment plus faibile qua pour In camoimion 160. Tens lts aures parcittoes

= - _______ - ~(propxiftfa micmifce, arcistqsdosicuriti) rmarstat idontiquos.
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DEICN-OF HYDROCEN FUELE RAMJSTS AMD RAHROCKETS 3eI

by

- Dino Dini
Isrituto di -Macchinei Unt-versita- dlPiia.

-Via Diotisalvi, 2

-56106 Pis-a, -ITALY

SU A

:Problems arising from high e.nergyfuals, _particulhrly hydrogen, impose remarkable changes in interface
components, geometry and control, of current ramjets and r-arockets design.
Starting from typical missions scenarios, advanced config-trations are established for military~applics-

i ti .s Variable geometry nozzls and-combustion chambers are considered in the light of their-combined of-
feet with the intake, to give good performance and flexibility.
A numerical eamle of overall design is given for very high flight Mach numbers considering the problem
arising famn enginoeairffaie integration and cryogenic fuel storage. Particular attention is paid to fea-
tures effecting installation of such engines in aircraft.

ROCKET E NESEURNING HYDROGEN AS FUEL

The idea of using oxygen and hydrogen as propellant is nothing new. It- was put forwa:d for the first
time in 1 903, by a Russian mathematics, Ziolkowsky, and c-nsidered by Oberth in Cermany almost at the

It ia-surprising that the development of this propellant has been " , starting only at the end of
1 958 whin the Pratt andWhitney engine RL 10 was being perficte .ay is attributable to the ex-
treme properties of liquid-hydrogen, its very tow boiling point ad cezy small specific mash, but now the
great advance-in-space resear6h tes rendered high energy propellants ,a6re interesting.

Liquid hydrogen/liquid oxigen engine - Nowadays, it is a ra,,able high- performance rocket engine-capa-

ble of various thrust levels. Ignited on the ground prior to launch, the cluster of three main engines
operates in parallel with the solid rocket boosters during the initial ascenL of the "Space Shuttle Trans-
portation Systems". Each engine operates at a weight LO/LH2 mixture ratio of 6 to 1 to produce a sea level
thrust of 1 668 kM and a-vacuum thrust of 2 091 kN (25% mare than on t'.e ground). The en-Ines canbe throt-
tled over a thrust range of 65 to 109, which-provides for a high thrust level-during li..- off and the
initial ascent phase but allows thrust to be reduced to limit acceleration to 3 g' s during the final as-

cent phase.

Each engine has fuel and oxidizer preburners that provide hydrogen- rich not gases at approximately 1 030
K. These gases drive thd uel and oxidizer high- piessura turbopumps. The preburner gases pass through
turbines and are directed through a-hot- gas manifold to the main combustion chamber together with liquid

oxygen and burn at approximately 3 590 K. The main chamber operating pressure at rated power level is ap-
proximately 20 700 kPa. The ratio of the area at the aft end of the combustion chamber to the throat area
is 5 to 1. From this area, the nozzle-assembly isdesigned for a 77.5 to I chamber expansion ratio for
thrust efficiency at high altitudes.
The propellant feed system, figure 1, includes low and high pressure turbopumps for the liquid hydrogen
fuel and liquid oiygen oxidizer. Each-low- pressure fuel turbopump is an axial- flow pump driven by a two-
stage turbine, It raises the pressure-of the fluid being applied to the high-pressure fuel pump to preV-
ent cavitation, normally operating at-a speed of 14 000 rpm for increasing the pump pressure from 207 to
I 6O kPa. The turbine is drivefi by gase'ous hydrogen at a n6minal in-let pressure of 29 434 kPa.
The highm pressure fuel turbopump is a thr'ee stage cent ifugal pump driven directly by aat-stage tur-
bine. The latter, in turn, is driven by hot gas supplied by the fuel preburner. This turbopump per-ates at

a nomiAlsp..ed-of 35-000 rpm-nresn the-pressure from I 213 to -42 817 kPa. The nominal t'urie ainlet
prsueadtemperature Are 35:605 k a d 961 -K, respectively.

The lw presure xidiz r ropump-is an axial flow pump hti rvnb i tg ubn n
- powered by oxidizer propeilit, to maintain s'fficientoinilet pressure to the high pressure 6xidizer pup-

to-prevent cavitation. Turbine-drivaluid-at-30 944,kp is prvided-frm'the ligh pressur-oxidizer. -

pump _dscharge. The low pressure 'oxiie pup ominally operatesfat a spe -of Is 15 panid-increas
-: --!:-: tl -pu~ppressu-efrom-_690 .to:2-881=_kp,- _ .. --=:

thihe spesreoiie t 2 881otisperate- at- 'nominal -speed of-29-.057 -rpm with a turbinceinlat.--

pressure and- teomperature 3IV046ea and81 , resetivel y ,The pf-hy resure increase iS -ror2 48_-

_to 31--937 ka- -The _p . pump -pressure-i.cresses from 30392 t 5 642 kk- -

o thispropellant are moreor ls evident from-the g ra re

The dsign cf engines and lsunching-rockets -are- greatly- influenced by the very by4 temperature ,and -sma0l_
seificass o-liquid-hydrogn The mitr ratiloi ofspecial- "morace becasterisn rciL
consain is selection, its value- meat be determied by n optimization ctdi.Tetru siniinc

of it can best be aprcae ytefiguere _2j w h ie compaison between- tank sizes -for-tretns~-'
containing- the same propelln _mas ut for three dif7en:mxue ratios.

The ffct of ,osustion-pressure is of course dependigo ete rsue Ldo upfdsttmi

of hetwocotitens nd xpcia~yth smllmolcuar~.s o hyroenii _ _ _ - La

~ __-- -=---~-'s - =jM



use- but in both cases the use-of-higher pressures-brings, a- parformance advantage. The main reason for the
pertrac- atg occurrin _k o ii combustion prestore liea in the ability to make use of nozzics

of~ high expansion ratio. -

A comparison of the theoreticaI maximum perfermance-utnder the customary reference conditions (conbus-
tion-pressure 6 890 kPa, expansion-ratio-68, ambient prieurtIO1l,kM) gives.

L02/Mi.k specific impulse, 391 a; combustion tempairature. 3 000 K; weight mixture ratio, 4.0; bulk dea-

airy,-2,746 kIA/m
3
;

LO W/karosene: specific impulse, 300 s; combustion temperature, 3 700 K; weight mixture ratio, Z.6; bulk
den~iry, 10,003 kNlm

3
;

K2'~04IMOO , specific-impulse, 292 a; combustion temperature,-3 300 K; weight mixture ratio 1.3; bulk

density, 11,964 kN/rn3.
The small-bulk density of the L0 1/1Hf2 propellant renders necessary considerable tank volumes and stru.ctur-
a1 loads which are still further increase byte strong thermal insulation required.
Liquid oxygen is 16 times denser than liquid hydrogen,-hence the bulk density of the propellant varies

conideibfyaccodin tothemixture ratio; and op.limi-zation of thir -atio requires careful study for each
missile design.
Dependence of mean bulk density and vacuum specific impulse on mixture ratio is shown in figure 3, as coam-

parisou of liquid hydrogen-with kerosene as rocket fuel, burned with liquid oxygen in each case.
Combustion pressure and mixture ratio depend on cobustion chamber cooling. TheL-best oxygen/fuel ratio
regardless of engine cooling or vehicle design in respect to specific impulse is shown infigure 4; the
optimum is-somewhere around 4 to-1.

Ina calculating the tank volume, and the propellant quantities, corrections ha-e to be made for the
following factors, 5% of the tank volume for the vapour apace above the contents; 1% of the initial con-
tents for the residual liquids remaining at the end of burning period, residual propellant vapour at the
end of the burning period; propellant lost evporation. Densities of propellaiftiqianvporn

the saturated conditions are shown in the following table; -the final columns indicates the percentage re-.
sidual vapour for tat:s initially filled '~* to 1 mass mixtur4 ratio stredlqudaaprsreo
100-kP-.

SPressure Vapour, -(Nlm
3) Liquid, (Nim 3) z

We~) 002 GH2 L02 LF Residual

100 43,44 12,36 11 199,2 693,33 0,7

200 84,34 24,61 10 826,5 661,95 1 1,3

300 125,50 35,99 10 551,9 637,43 1 1,9

So0 196.1 60,80 10 149,9 j594,28 1 3,2

S00 316,72 101,99 9 747,8 532,50 5,2

1 000 397,17 140,23 9 502,6 479,5 6,9

1 315 5o5,04 293,22 9 179;0 293,22 12,1

Critical 1Critical

Fijure 5 shows hows the specific- theoretical vaciu-mp~ulse and the bulk density vary with the mixture ra-
tlo or. a nozzle thioat ratio of 40 (cofreapondiig to an expaso r -iof the order of 500) and a cor-
bustion-pressure of 3 500 kPa.
The pwer required forj~isjn isgetr than with the standard liquid propellants Figure 6 shows the
spcific theoreical* Oumpabiliiy curve f~r thie-W 2 LH2 propliant is a function of jxture ratio for an

engine working at a combustion pressure of thi oider of 3 500 Wea (uel Ap !: 5 000 ,.a, oxidiier fjp 4 500

A.quid bydrogen/air~engine -- The- proipulon system selectee-for thla-discussiai consists of-turbine on-
- -= ines-for-acceleration to Mach 3 toz4-range and convertible scramjets for the--mission scenario. -The trt-

bine-enginies-for the lower part of the boost speed range is based on the advanced-state of- turbojet ,devel-
opmcnt~for--tlie Mach 3 fli?.ht including the SST en"-natcahuology Mach 3.5-and 4.0.capability with hydrogen
fuel is highly -desirable. The-scraasjet-i's the'~only airg- breathing angina capahle of operation 'from Mach

3;5 to the proposed mission flight sod -Technology evaluations at-present ierfrta h-cine

pmises grat potential, .but that-the-feasibility of prartical operation and performance -remainsa-t-n be

- V' -j The "Idual-soda" MAS-- Ai eerhHproi eerh Engine -(HRE) is a-imill axisyarseri6, variable-
geomtryenjiie esined to perfor'w fro-m ach,-to-$. In h ulmd siil b ~aino-t~

activa, u-inijector stagas and th-ofstouoedoetem olre duicis -_ s rh igt i a ie
numer s dcresi~ Th ke feturs o th cocejt Are severl gs -f ue

area jmutoj-jh~ 4tsyt ! aarotbsrm-odynmiu gemer -requireents _for eihr -suborser-

sonic-combuarion.-
-M- Q:_
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One key to sustained hypersonic flight is an efficient airbreathin& hydrogen - fusled ongins, The integrated
scrmajet engine/airframe has been identified for military applications in the Mach 4 to 12 speed range@ The

hypersonie variable geometry propulsion system consists of multiple engine modules each with a forebody
precompression inlet end plug nozzle exhausting. The axisymmsetric multiple inlet scramjot modules effi-

ciently capture forabody shock waves and compressed airflow. The plug nozzles strve to increase expansion
area and allow the central body, figure 7, to be nearly stream aligned at the design Mach number for maxi-

mum installed thrust performance. The engines ale designed to be integrated fully with a hypersonic air-

frame, accounting properly for all forces acting on the integrated vehicle.

The propulsion system requirements of the low range boost vehicle bring out the interest for the air
augmented rocket. Suitable for high thrust and average specific tmpulse, such engine might be used at

flight speed less than Mach 4.0, with variable geometry.

The air augmented rocket, for the propulsion of boost vehicles, is known as an engine which improves the

propulsion efficiency of the rocket at low flight speeds, and which requires a smaller weight of manufac-
tured structure than other airbreathing engines.
Simple engines with fixed geometry and variable airflow have realized at best about one third of the po-

tential gain in specific impulse due to air augmentation. The failure to gain more is very largely due to

the difficulty of arranging a fixed geometry which allows for expansion of the exhaust stream, after mix-

ing is completed. With a fixed outer cowl, the specific impulse can be improved by arranging for the air

intake diffuser to vary intarnally. A beneficial variation in air duct area might be arranged with compar-

atively simple v.3ving parts operating in the cooler part of the engine. This has a double effect in improv-

ing performance; reduction in diffuser outlet area at high flight Mach number assists in intake matching.

SYSTEM CONCEPT

A satisfactory launch speed might rapidly be reached at low altitude by a turbo- ramjet- rocket multi-

cycle missile.
Such kind of hybrid engine is enough flexible to meet a large variety of cruise conditions with speed

quite higher than Mach 4. Like turbo-ramjet, this propulsion system, figure 7, is arranged with a lot of

inlet and exhaust variable geometries.

A hydrogen-oxygen rocket combustion chamber is used to produce high pressure and temperature steam,

for the count down and takeoff phase, during which the degree of super heat is controlled by the injection
of suitable quantities of liquid water.

The steam flows directly to the nozzle assembly driving a high pressure turbine in a first stage of expan-

sion, while useful energy for propulsion is realized in a central- body variable geometry plug nozzle.

The steam turbine is giving power to a cluster of multi- stage atmospheric air compressors accomodated

into propulsive ducts around the turbo- rocket central body, for a sequence of operations going from cold

to hot jets for take-off and acceleration phase.
The LH2/LO2 rocket and LH2 /air turbojet propulsion is followed by variable geometry LH2/air ramjet and

scramjet operation.

Application of current compressor technology to meet the higher core pressure ratios desired in ad-

vanced engines would result in a large number of stages and blades. To minimize weight, volume and sthges,

high tip speed and high blade loading for high stage pressure ratio are required. It is nuw possible to
design compressors for an overall pressure ratio of 20 to 1 and only eight stages. To achieve this goal,

the pressure ratio as high as 1.8 in the first stage is decreasing to 1.25 in the last one because of the

increasing temperature. The first stage rotor has a design speed of 450 m/s. The hub- tip ratio ranges
from 0.7 at the inlet to 0.95 at the outlet. A compression efficiency of 87 percent is obtainable.

A major objective of fan or compressor for a possible application as in figure 7 is to obtain high pres-

sure ratio per stage with high efficiency. At 540 m/s tip speed, a stage pressure ratio of 2.2 has been

already obtained with an acceptable efficiency of 82 percent, Ref. 1. We are confident that a higher level

of efficiency in this high- speed range can be achieved by further improvement in blade design. With a

two- stage fan, an overall pressure ratio of 2.8 and a peak efficiency at design speed of 85.5, were ob-

tained.

Similarly, a higher core turbine inlet temperature is required for the application as in figure 7.

Elevated temperatures and pressures for a short operation do not require, however, sophisticated cooling

schemes to protect the blades.

Gaseous hydrogen GH2 and oxygen C02 are directly sobtained by water electrolysis at the launch place.

The most part of electrolytic cells are producing 0.2 Nm
3 
of CH 2/kWh (0.0555 Nm

3
/MJ) ane 0.1 Nm

3 
of GO2/kWh

(0.0277 Nm
3
/WJ), i.e., respectively, with specific gravities 0.881 N/Nm

3 
and 14.013 N/Nm

3
, 0.04896 N/NJ

and 0.38925 N/NJ. The weight mixture ratio for the combustion is becoming 0.38925/0.04896 - 7.95, corre-

sponding, figure 3, about to the stoichiometric ratio, if all the electrolysis products are used.

The energy need for a modern electrolysis process may be at present time 14.65 NJ for producing 1 N
of GH2 and 7.95 N of G02. Liquefaction (L) may require 3.65 NJ per I N of LH2 and 0.19 NJ per 7.95 N of

L02 . Therefore, the total energy need for production and liquefaction, at atmospheric pressure, of I N of
LN2 and 7.95 N of L02 is about 18.49 NJ, corresponding to 18.49/8.95 - 2.066 KJ per N of stoLchiometrLc

mixture LH2 - L02 .

The combustion temperature at a pressure (20 700 kP) of the order of the main LH2/LO2 engines of the



"Space Shuttle" may be '3 500 K in the stoichiomstric mixture ratio. The combustion product is of course wa-
ter steam.
Such combustion temperature is obviously tnacceptable for the turbine blades. Considering the short dura-

tion of the LH2/L02 engine operatin, a temperature of 2 000 K may be chosen. Pulverized water injection
in the combustion chamber is used for decruasing temperature from 3 500 to 2 000 K.

In order to know approximately the water fraction 0 to be injected through the experimental values of

the specific impulse given in figure 4, the following procediire is applied.

The initial entalpy i, (for: combustion pressure, p, - 20 700 kPa; specific heat ratio, n - 1,25; mixture

ratio, 02/H2- 7.95; dissipation coefficient, v w 0,95), respuctively, for sea level (P2 = 101,3 kPa), and

5 000 m altitude (P2 - 53.9 kPa) at specific impulse (figure 4) 350 and 370 s, are

I w ./g A .I (1 - (p2 1 )(nl)In/g (1)

il - 1,016 M/N - 2 381 kcal/kg (sea level)

ii - 1,069 KJ/N - 2 506 kcal/kg (5 000 m)

corresponding to exhaust speeds

w - 3 433 m/s ; w - 3 630 als

The gradually injected water in the combustion chamber is increasing its entalpy from i8 -0.0043 KY/N

(10 kcal/kg) to is - 0.612 KJ/ (1 435 kcal/kg, for To - 2 000 K and p, - 20 700 kPa).

Approximately, disregarding heat exchange dissipation effects, to be considered in the expansion efficien-

cy, the fraction of the GH2/GO2 combustion products a, the injected water 8, and the hydrogen y - a/8.95,

it can be written, Ref. 3

a - i ( /i
(2)

a *B-l

from which

B - (i+ - i)l(i1  is) (3)

We get, respectively for sea level and 5 000 m altitude

0 - 0.248 a - 0.752 y - 0.084 (sea level)

S - 0.272 a - 0.728 y - 0.081 (5 000 a)

With a step by step procedure, from the ignition to the end of the acceleration phase, an optimized

turbo/rocket- cold-hot turbo/fan propulsion system may be designed, to be followed by the variable geome-

try ramjet and scramjet operation.
The procedure is starting with the evaluation of the weight of L 2 , L02 and water, for the acceleration

phase.

Establishing a mean value of the dissipation coefficient U (taking into account of an approximated equiva-

lence to the real hybrid engine used) and considering iI - is in ta. 1, we get Isp and w from eq. 1, from
which the propellant weight flow C corresponding to the thrust T

C - g T/w (4)

to be used step by step. The propellant weight is obviously depending upon the acceleration phase dura-

tion.

In operation, hydrogen, oxygen and water, are supplied from turbopumps to the combustion chamber where
steam is formed. The steam flows directly to the turbine and thence to the plup nozzle.



The expected overall efficiency of this hybrid boost engine is higher than rocket, because of quite less
mean gas exhaust speed. The propellent consumption is reduced by the high propulsion efficiency of the tur-

bofan operation.
The success of such boost engine combination is depending upon the real possibility of a large fraction of

water injection into the combustion chamber, to have a high work tranfer from the turbile to the compres-

sors.

A numerical approach may be obtained considering acceleration hybrid turbo-rocket as in figure 7with
- 0.6 (taking into account che compressor work absorption for the engine equivalence), i1 - is - 0.612

NJ/N. and T - 100 000 N. We have from eq. I

I - 172 s w - 1 684 m/s (sea level)
sp

I - 177 s w - 1 735 m/s (5 000 m)
sp

and from eq. 4, for a 5 000 m ascent trajectory at a mean velocity H - 2.0 , a mean weight flow during the
time At - 5 000/2 • 340 - 7,35 a

C - 503 N/s

So, with a propellant weight C • at - 3 697 N, we get, applying eqs. 2 and 3, storage weights and volumes

8 * 3 697 - (water) - 961 N - 961/g - 1 000 - 0.098 m
3

av

a • 3 697 - (combustion products) - 2 736 N
av

y * 3 697 - (hydrogen) - 305 N - 305/693.33 - 0.44 m
3

av

2 736 • 7.95/8.95 - (oxygen) - 2 431 u - 2 431/11 199.2 - 0.217 m
3

i.e., propellant and water for the hybrid acceleration engine require the volume equivalent to a circular

cylinder 0.60 m and 2.67 a in diameter and length.

The advantages of the hydrogen fueled airbreathing ramjet and scrajet, for a flexible cruise flight
to the target, are deriving from the higher energy per mass unit of on-board propellant. In fact, weight
stoichiomtrLc mixture ratio for air/hydrogen is 7.95 - 100/23.14 - 34.356. Air/hydrogen weight mixture

ratio is ranging from 5 to 115, this meaning that a hydrogen fueled engine is very much flexible for speed
variation during the cruise flight.

Compared to the acceleration phase, the on-board fuel volume for cruise is requiring quite less vol-
ume.

Ul 2 AND L02 SUPPLY AND ON-BOARD STORAGE

Water electrolysis, by nuclear or solar energy, may be the primary candidate for gaseous hydrogen and
oxygen production and derivery through pipelines to the missile launch place, where liquefaction plants
are existing. Temperatures as low s 20 K (LK2 ) and 90 K (10 2 ) require vacuum- jacketed stainless steel
pipe lines for transport from liquefaction plants to the missile launch site. The need to kip pipe lengths
an short as possible is further emphasized in that each length is triplicated. Some of the liquid hydrogen
changes to gaseous state during the fueling operation, and at any other time .hen the temperature and pres-
sure exceed certain conditions. For reason of safety ad fuel economics, the gaseous hydrogen must be col-
lected and returned to the liquefaction plant through a second line. The third line provides redundancy and
can be used either to deliver LK2 or return

Flexible liquefaction plants produce LH2 and LO2 as much as it is used and to refill storage ves-
sels.

Gaseous hydrogen and oxygen are piped from the water electrolyzers to or near the launch site, where
electrical power is provided as needed for liquefaction.

The ground- to- missile connection is following a basic fueling concept: truck with dual vacuum jack-
eted flexible hoses manually connected between the hydrant pint and the single connection to the missile
tanks.

Based on the largest demonstrated hydrogen liquefier capacity (6.2 I/s, 534 kW/day), it has been yet

determined that a single plant having a capacity of 25.75 I/s is possible.



The-t- chnoogyrequired-to-build -reliable fuel- coold- structures -for the- hostile environnt wthin
-{the- engineibas -been- devalopedi; -

Liquid- hydropjn -is stored -in uwell insulated -tanks, whose pressure- is scheduled to minimize boil -of
lossii. ten scl-aa of- fiidrezen are npotkedl b it that &s~ ene. jetak

-throu -tatyti an&L-ure the converted to water vapor.
Several aluminua ilois and- stainless steels are applied in lightweight structure for cryogenic liquids
at extrenoly-low temeratures, Ref. 2.

VARIABLE GZETRY IN M1ICYCIZ PDT NCI=

Significant changes to its thermodynamic cycle during the fligat are required for the proposed -is-
sile propulsion systems, vihout incurring a perfor--mce and weight penalty which would cancel the value
of variability.
The geared variable pitch fans of the boost engines claim variable final nozzles. The cycle variabilityprcvids adjustment of specific thrust, catching of fan and nozzle characteristics, and selection of fan-
nozzle combination for optiu= acceleration performances.

The operation of the variable- geomtry axisy tric ranjets over a broad flight sped cruise rne

is encountering co=uor problems in a uide range of fuel air conditions.
Integrated engine/airfrar- performance is tied closely to the combined vehicle- engine design, so that it
is necessary to conduct studies with particular vehicle designs. The scranjec concept could form a major
experinant for the present composite vehicle.
The intake design mut be a cow:redise approaching the option flow to the engine, wit mninin efficiency
loss and drag increase in the flight speed range, Ref. 4.

Detailed designs of the proposed turbo- raje have been carried out by the author. Tir

results are quite encouraging.
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DISMISSION

iRio

1 think-Piter Kramer of the University of Stutgan should comment on the overall idea of this type of turborocket
amulet. I would like to make a comment and ask a question concerning the injection of water into the hydroge andIi oxygensockq combustor. We are doing precisily this at my institute in DFVLR which we called a hydroge-
oxygen steam generator for push button demand electrical por generation. The problem of getting high droplet
evapoaton efciency become more difficult as you try to c water into very hi;h temperattie systems as you

propo ri. Any droplets remaining would damage the turborocket machinery which is in the wake ofthe steam
-x- aw My did yeu sug~cst 2000 K in your srudic? Were you proposing to use ceramic blades or what?

Author's ReplyI This idea came out of what yon suggested as a stati-- steam plant. A 20000 K temperature we can now
p6tentially achieve with transpiration cooling of the blades for asbort period of time. The problem is to in ect
water in a small volume. The problem is fora stationary power plant, but we may apply it to a rocket too.

Kramer
± You wanted to reach Mach 3.7 within 7 seconds? Whnat acceleration did you have?

Authors Reply
I don'i know the number, but normally in designing a missile, the acceleration phase gives an altitude frow 0 to
10:000 metres and takes about 40 seconds. In order to --t there in 7 seconds. the acceleration would be too igh.

Comment by P.Kramer
The turbomachinery Will not survive.

Author's Reply
I took a temperature of 2000' K. This was used as numerical example to put forth the idea. The 7 seconds is too
ht h an acceleration.

.Kramer
Did you compare it with t.e rocket booster instead ofa tiwborocket booster? You know we are doing similar
studies for Space Applications, and we found that the pure rocket booster balances out the weight disadvantam-e of
the turborocket, so we came out with the same payload without the turborocket, but with the pure simple rocket.
The turborocket saves fuel, but doem't impove payad. That was our result.

Author's Reply
We need to study this more completely, but the main purpose of this kind of propulsion system is to improve the
propellant efficiency. From a payload co.dideration, you are probably right.

i,
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VHE ROT_ OF LQUp PHASE DROPLET7 DECOMOISITION in,
AN ADVANCED ATRRE-A; NG PROPULSION SYSTW

Melvin Gerstein and P. Roy Choudhury
Mechanical Engineering De~art-t
U.versty of Southern California
Los Angeles. Californla 90007

ABS7RAG

i has teen observed that wh-en a fuel Ar--oplet evacorates In a gh -Mle-L" ft+ c=n-
nent ;yp-cal6 an advanced ran-je;. the usual lin-ear D12 -t relt0si da-e od
Inere is a strong evidence that at higher- nressues, equ _ 10
sble tar the sudden break n the relatonshp.ducts of dec on A
tarr- residue which Is practlcaliy nonvolatIle and burns only ve-y slowly.

The present paer deals with the coupled effect of deacc- C=s t--n -nd a-
a typical ' c-' y

he result t his study s.ow th a drop!et decop ion at hizrer pren-re
ou,--e and co rclal' fuel blends has a sl-ifl-cant Influence on "he 'us-_. f
Carbon build-up on the walls of the combustlon chamber end ss"I_ fa--"-

1plutants and varslculate matter In the exhaust.

ImnODJ CTION

Recent attempts to Increase the combustion efflcency nd e rfor- ce of a- -t--
rrmi' t anbgne are prm=arily focused on the Introduction of sw-'i In I- f -el , u 

S e
of betterfl- n ode-s and various other novel design chanes, suh as the concept 0ca'
vortex amplificatn by--ans of gas Jets (Ref. 1). Aitn MgSpray
evaporation and bu-nIng of fuel droplets are being Investlated, h
lIquIld phase deco-positlon of the fuel has n-t receved -hw" aten on- The existenC
of the llquId phase decomposition at higher pressures (Mtf. 2) and *-- nfluenc-eC Mn

i bur-er performnce have been reported earlier by the author- 'Ref. u ,g

droplet as an era le.

Tnhe coupled effect of evaporation and decomposItIon of a hexadee- sp r7- a
realistic drop size distribution In a one dlmcnrslonal3 flow fie A 4 In~

paper. Results show that liquid phase dec=os4Ian at hlhL-r pressures -A1tl :e asuibstputial reduction of co-bustion efficiency of an -dvanceo ai br eathin-mpeu-lo

in order to deter.-1ne the effect of droplet deco sjtIon and res~due t =n-

the overall perfornmance- of a combustor the h~story, of a heexa-'ane sray' withs rsic
d-on size distributIon has been chosen as an exanple. -7= -- as - d o sprayed
in a 60Ow, 4 at=. air strea travellIng with a velocity of 50 M/s S -b--- flow IS
assused to be steady and one-dl=-nslonal with constan therc ta--el pnopr ._ --2
distribution of drop size typIcal of an arblast at-'-ze- was sue fb V-o th da
shown n Reference (4). The percent of the total population oacu- eah
with a given =-ean subgroup diameter is lsted in Tsble . exadecan sp-ay waS ar r
to follow this distribution.

TAKE I

DISTR WION OF MEN SU-ROUP DIA.aMETE

Percent MRoan Din= ter of Percenit _Me-- X=-- =
Population Sub--ou, (=icron) Populatlon Sub--up (-=ero)

f: 1 !5 20 17

A 27 40

Co,.e phe, n.a -nf ev_ -"tlon/deo.posl.tl of th"-e -man --m-er of ca t- s _h--

were analyzed neglecting interpartioular interact on beween- Iff-r nt su-h-a- . in
other words, collIsion between droplets, shatterIng and thIr coalescenetzterl coaecec we-+ 13M ed

..e folowing equations apply for the evpatlondecomp-sltlon -fa-- le- n- a
A one--len.- l gas stream:

s-momentum: r
--- . u -

du -r
dt PL Dj-

---- unpored by an AoR G'a t7 33 5h

-~A-4

I : + _ _ _

__ =+r_

_ow _ ----
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For tho-omee of F10~ cm3/ghole-sec, the coupl1ing between evaporation and decomposi-
tnisrhewa. Teetre spray evapor -ates nearly compl -et -ely before residues-are
formed. Frtis case,-an i, - combustion-erric-iency of Neal %O ih be- exected.

Figure 7 ii- a plot of the pos e ideal combustion effioiency based upon the amount of
fuel. notualayf~evaj~orated. it is-plotted froml-Fig. 6 'and shows the oombustion efcec
as a fuhctio6Uthe-cbtracteristio length available for evanci~n We ecomposi-
tion rate Is faster tha.. tb0 evapr~r aesintecse of ol an increase i
the characteristtc length would not chnnge the burner performance significantly. The
maximum -possib-le combustion efficiency as a function of the frequency factor is shown
in Fig B.- It fdcii -jattentioA on_ the- ipop -tahnce of' liquid - phase decomposition in. a
burner with~nh-i'estrictlon6ii -the allowable characteristia length.
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DISCUSSION

R.Monti
I think that the "sudden freezing" kind of model introduced by the authors is valuable and very proper as a first
approach to the probim. However, I think that a more accurate model should take into account the thickness of
the layer of decomposed liquid and relate it to the evaporation rate.

Author's Reply

The question raised by Professor Monti is very valid. Our mudel assumes that the entire droplet undergoes
decomposition as a unit. There is no evidence that such a so called "sudden freezing" actually occurs. Preliminary
observation shows that the droplet gradually becomes darker as the evaporation progresses. This might be due to a
"surface effect" as Professor Monti suggests, or it might be due to uniformly distributed. -clei of insoluble residue
species suspended in the liquid phase. At the present time. we are attempting to interrupt the evaporation process to
determine the chemical composition as well as the nature of the products of decomposition. We are hopirg that by
the end of this academic year, we will be able to resolve whether a thin layer of decomposition product or a large
number ofdispersed insoluble nuclei exist. Only then a better and more appropriate model can be proposed.

The purpose of this paper was to point out the potential probl~m areas associated with droplet decomposition
particularly for synthetic fuel and blended fuels. We thank Pr6fissor Monti for his kind words.

E.Wame
(a) Could the authors explain the apparent conflict between Figure I and Figure 2 in relation to the time to reach 4the cessation of evaporation. For example, 2 ms in Figure 1 and 0.4 ms in Figure 2 (2 cm at 50 m/s).

(b) What work was carried out to study heat transfer to the droplet sihce this is a vital component of the
evaporation scene?

Author's Reply
(a) Actually, there isn't a conflict. The particles have zero initial velocity and they are accelerated to the gas

velocity after a long period of time depending upon their diameter.' After say 2 ms, they have not attained the
gas velocity except, perhaps, the droplets with diameters under 5 microns. Also, the evaporation/decomposition
rate is diameter dependent, The time and locations shown in Figures 1 and 2 appear to be consistent. Perhaps

o during my talk, i did not stress enough upon the momentum equation showing Stokes' drag and the velocity
difference between the particles and gas.

(b) Detailed study of heat transfer to the droplet-was carried out by Farhangi, a graduate student of USC. (Please
see Reference in back of the paper.) In the present-paper, the experimentally determined evaporation cofistant
p- icludes all the effect duie to heat transfer. In orde i ot to confuse the central issue of droplet decomposi.
tion, we have used the experimentally detemuined lg rather than the effect of conduction, convection and
radiation heat transfer on the droplet. Thus, implicitly our study includes th -effect of heat transfer. i---_ - -

7_ -_ _:-
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Utaoq -,

-The devolop66rit and appliqation of ~a-iiodular model for the-piediction-of-the perfor-
mancof uddn-epanioz buner 2. dicid. This model id- based on a-conc4pt -i which

thereorc~~aidn~zoetreatedd -as a -st±rred -iactoi, isco eta karabolic boundary
liyer-foimla-tina for, the, -flow o-utside the rec-irculation -zone-.- lydrocarbon'oxidation

-kietcs ndiurbulent kiietic :energy turbulenc - models- are -included. In 'addition -to the
firalicfowiiid-stirred reactor -elements, a mdlrerenigteflinjeto
process has, beien develope -d.- -Results -of the application of the modular model -to- the anal-
ysis of cold-flow and reactinigoflow dump combustor experimental data are described, and
the use of the model as an interpretative tool in a recent ramjet combustor development
program is outlined.

1. INTR~ODUCTION

Control of-flame stabilization-and-flame propagation in a turbulent flow represents
a key element in combustion chambi design. The placement and geometry of iual injectors,
flameholders', and air distribution-ports are basic design paameters that govern the per-
formance of a particular-combustori. Therefore it is desirable to compute combustion
chamber flowfields in order tol-understand the--phenomena that occur in existing combustors
and to predict the perfoimiance of new- combustor-condepts. Modeling can also be used to
analyze the behavior of flameholderi and fuel-injectors7-under-a variety of conditions.
The insight gained through the use. -of these "unit" -analyses can -be of substantial use in

th lnning of-a combustor test prga adi -h iteriietation of combustor and com-
bustor component test data. However, the computation of -a~gefioilized combustor flowfield
is a formidable task, involving a ~number of compl ex~coupled.-physaical and chemical proces-
s es, which can include turbulent, recirculating tflow, possibly-with swirl, finite-rate
chemical kinetics, and droplet evaporation and-combustion. -Thie obvious difficulties in-
clude not only the multitude of co-upled-mechanisema but'also-involv4e the typical disparjty
in characteristic length and-tim scale's. ih combustion chamber flows. Despite these prob-
lems, considerable progress has been made--in iecent-years-in- the development of calcula-
tion methods, using techniques for the solution of the elliptic governing equations and
simpler yet physically perceptive"modular" modeling techniques.

A "unified* model of a combustion chamber .flowfield in general requires the numerical
solution of the elliptic form of the governing equations: Most practical combustion cham-
ber flows involve large regions of recirculation in which axial diffusion is important.
-A c- nsiderable amount of research effort has been put into the development of numerical
techniques for these problems, and successful comparison of calculation with experiment
for recirculating flows with large heat release has been reported by liutchinson, et al.
[11 and by Abou Ellail, et al. [2], for example. Significantly, in both cases a careful
adaptation of 'the- numerical model to the ipecific-experimental configuration was reported
to-hefrequiied, and in.both of these papers it was noted that the details of the computa-
tilen iequired careful handling to obtain the accuracy demonstrated. Furthermore, Abou
Ellail, 6t al.' 421 note that it isnoi possible to. provide sufficient resolution in a de-
tailed .combuisto~r flowfield-compu~ttation to adequately describe pronesses, such as fuel in-
jectibn; in wli-ich-mixing initially occurs on-a scale much smaller than that of-the overall
combustion chamber. 'Thus;, while the-development of numrical models capable of providing
directso6lution of the'equati6na governing specific combuition cfiimber flowfields contin-
ues, a 'need exists for the development of physically perceptive yet mathematically simpler
models. This rejuirement arises-from the need to-provid6 a model-which 'allows reasonably
rapid, computation of a number of different, complex combustor ga&daetries, and the need- to
develop models for those processes, such as fuel injection, which 6cctir on scales smaller4
tiau can -be adequately resolved in a detailed-ovt-rll-flowfiele computeto.Tedvlp
ment of-apprbximate methods - modular models -- is~-a response zo the reqfuirementi; just out-

The basic interest in the application of a#proximate techniquesi-6 to avoid the com-
plexities inherent in a direct calculation of a complex flowfleld by making suitable
assumptions that allow the flow to be computed using simpler approaches. Clearly the
simplest possible procedure is to assume that the flowfield. is effectively one-dimensional
thus avoiding any necessity for definition or calculation of vel-ocity or species profile
effects. A somewhat more sophisticated approach is to assume rhat-the~combustor flowfield
can be -btoken'down into- separate zones, each of which can ~be calculaied individually in,

some-detil, 'aud thn'~cupin~togthI in soe i:6in to obtain an 45verall comufatiiiil
-analjo-f the -combuit&r-flbi . Suhpproachei arm -termed modular models, exasipeso&f
whimh h-av4e begh-iotdyRhetle al. -(3] an:wteba t2 4); theifedniula- i!W i

di~i iwh-il-hsperiQie--similar in that the overall combust'r flowfield-,i
__ bokmi~dow~ iito~__puatinalobuiztmLpioVi eisfar more detaifllthan either of than for

*Frry'with chemical Systemiis1in, United Technologies Cor.p-, Sunnyvale, Calif.t
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In the present aiproch the cosbustor jlowfield, represenfed- s-chematically in Figure
~ L1, -is broken-'down -into-thre najor com~ponetsi a directed flow, -which is treated as para-

bolc, reirclaton onO asume tobe eprseted by well wstirred--reactr() and a
turbuln sha ae ln he dividing streamline whiich-Spts t tertwregions.

heserlaye sevs steopin ein -btwen the otirtwo-mod~1 components;
fluxesa of seisndnegacostishalaefomheoudar onditions -on the
-two coptatoa rein. ntert msr based -on- the -quasiglobal moel (51 can
be inclded in thef fomlaitions for -b.th- thii:directed flow-and well-stirred reactor re-I
gions, although- for the miodular moadel cdalculiations described -in this report, the recircu-
lation -region welsirdreacto.r for'nMulation has been restricted to a global finite-rate
chemistry model; The 'directed flow is assue to be fully turbulent, with the turbulent
viscosity defined by a twoequation-turbulence-model (6J. A key difference between this
mo dulr model -and themodlsof Roet, ta 31_ and- Switbenbank, et al. 141 is the

provsionfor-he shear l--ayer coupling region i h urn oe.'hog h so
this;- elemenft of-the model, thedison fthmsslubewn the directed flow afid

the ecicutio- region Is comiputed iteratively -rather -than sipecified empirically
Furthroe the dire fd-liQ-reg -s------ted 'in detail as a two-dimensional- parabolic
flowfield1 iather .thiz through a -one~dimthisional brpoximaton4 allowing tht use-of -de-

tad-dc ttoh fb miin and chemcal reactions in-this -region of the -oxnustor;

DROPLET BREAKUP, SPRAY FORMATION,.
VAPORIZATION PROCESS

-REGION OF STEEP GRADIENTS

liON-RECIRULATING,
- VI"',OUS MAIN FLOW

LIUDFUEL 7 TYPi1CAL- VELOCITY PROFILE

DIVIDING STREAMLINE
FLAMEHOLDER INJECTION

FIGURE 1. schematic of Sudden-Expansion (Dump) Burner

in this paper, the development of the modular model for a sudden-expansion combustor
is described in detail. The model formulation, intluding the definition-cf coupling con-
ditions and a'description-of the overall flowfield iteration procedure, is described in
Section 2. Results of the application of the approach to the computation of a variety of
sudden-expansion flowfields are described in Section 3; where the capabilities of this
approach and cur~rent uifiel elliptic formulations overlap, such-as in the computation of
incomporessible sudden-exinsionI flows, the results of th6 modular ipproach are compared
With both-availablo exprimental data and unified model computatioiial results. This is
folowed-by a discussion of the use of the model as an interpretive tool in a curf nt
raiet 66mbustor-development program. The d scriptidn of this ipliainfcsso h
use of-the model as -a tdol-for the assessment of thne causes of low performance encountered
under-- some'situations duinfg -the early phases of a combustor test program. This inivesti-
atonled to recommendations and subsequent alterations in test _Variables, which resulted

in improved perf6risandi in the second test phase. overall cnliifni r~acbed from the
work discussed in -this piper are described in Secbtion 5. The iojic describad in this paper
sJ'ows-that there are considerable advantages to be gained from the use of analytical

moes -sinterpretative tech~niques and planning guides in conjunction with experimental
comhuso deeopetprograms.

2. M(O5LAR-HML FORHULATION

Thebasceeme t of themodular model-formulation are a parabolic finite-difference
~.o. uatina tehniue(71# used f]or the directed-flow portion of the anfalysis, ad a

stirred renotor -computationh which-reipresenits 'larqe-acale recirculiation regions. -These
alement -~r mdules, are coupled together through a 'simplified representation of th

turbulenit sheiz -layr- which exists between thedA-1redted flow and the recirculation region.
Uin th mocu a0 appr oachr the s--hear layer- repieSentation is used to' dfine the ~gradiant
in eloity spcia, ad ethapy- bewen hetwo regions of, tire -flow,; thuse providing

boththei -boundary co :nditiofis on the directed'flow and the stirred reactor feedrae

-~- ~- __
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WELL-STiRRED-REACTOR -TU. PECIRCLATIONZO:MDL

Flbwfield-reaions in which intense backmixing occurs can--approach.-the limit of om-
plete mixing, end thus thevwelfs~liirid-recor-concept is-attractive for- representing the
recirculation redtsia udn-raso-re.-Fra well-itirred reactor, the eq-

tions describing -the - transport o f energy-and species reduce to the relations
Continuity nXsde-xason-unr o q

Note tha int-Ist

hseen adospedsrito eiiatd eprsn ioui nfo toadffowfo the stirred reactorgvrigeuain ih
J fite-aeceia iei the steady-stat-itDn te stirred reactorarth mssutions o taiehen

Equa in t lhe re 3)o, alon it epesin o the volumetric species pVi heratrouct, i rte

foehqutaly sa uitions ofe species trnenraionpondtt equation ofwitni onsed om Thstfrationd
fin eten tempete rd pciae soinetain n the st ir -reactor , igien thionfwih

rates for species and enthalpy. in the modular model, the net inflow of specieu and en-

dividing streamline, so that for the modular model the energy and species conservation
equations for the stirred reactor can be written

Energy

-2- Rc~~ov 0 ( 1 ds + -2, 5Rc(XIK -Tdo~2f f~)V .

00

2:lRCW 0V CT) I ds %(4)

0

where RCx) :.epresents the radial location of the dividing streamline, and

Species

dt % J 7r "RC'" [PVT !(r J LTU

Here P0 represents a characteristic-density of the stirred reactor region, and PVT a
characteristic eddy diffusivity, evaluated from the outer flowfield solution in the region
of the dividing streamline.

2.2 PARABOLIC MIXING: THE OIRECTED-C'LOW MODEL

The second major element of the modular model for a sudden-expansion combustor is the
formulation for the directed flow portion of the combustor flowfie'-. It is assumed that
the-boundary layer approximations apply to this part of the flowfiald, so that the de-
scribing- 6quations are parabolic. For a -steadk,-axisymmetri6 flow these equations may he
wrltten:-

Global Continuity

arou arov-o(5
3x r

A-

4A

4A
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- Z~L4 pecies Dfson for the ith -pecie

4-i- $ ~ aj (7)

Momentum Equation

Pu au v au I o u (8) '
and the

Energy Equation_

Pv pv T aH(Er 1) hi+ 1
W ar r r 7r- r (s a1 r Z

in which Pr and Sc represent the Prandtl and Schmidt numbers, respectively. These equa-
tions, along with expressions for the enthalpy

H h + -rand h acihitT) (10)

andithe equation of state

p - IOPT (a1 wi (11)
i w)

can be solved, given an expression for the turbulent eddy viscos:'y UT =PVT. In the
present formulation, this is defined by the two-equation -turbulent kinetic energy model
[61, in-whih transport equations are written foir the turbulent kinetic energy, k, and its
dissipation-rate, =e. in boundary layer form, these equations can--be written:

Turbulent Kinetic Energy

-2

Pa + 0 a I a 't PC-2

tinfTurbulence Energy Dissipation caalobrerddsadsritnofhep-

Iner oTh th Pe Te rtr nde deedifloprtions ofte thcae odlae mo volurbt-

ric chemical kinetic production rate terms appear in the species transport equations.
These terms can be evaluated usin4-a full- hydrocarbon chemical kinetics scheme based on
the quasiglobal kinetics model [5], whichi has as a key element a subglobal oxidation step

2n,6~2  m H 2 +nCO - (14)

This reaction is unidirectional with an empirically determined rate (grams of fuel/cc/eec)
given by

-- atCfCnj 11
=n~ A T"' POJ C 121 exp [-/R.

with the constants, A, b. and Ei/R defined in Table 1, where P must be given in atmospheres,-
Tr in degrees Kelvin and 1] denotes molar concentration; coupled to this subglobal step are
the intermediate reversible reactions also given in Table-I.

2.4 MODELS FOR THE FUE ZN=JCION PROCESS

In addition to the basic components of-a 'parabolic, directed flow analysis and a
well-stiired reactor formulation, the modular Concept can be extended to'include other
elements of the dump combustor flowfield, for-exkample, the-fuel injection process. The

__detail-of-the computtion provide -by, the,-use of- a parabolic directed flow analysis is the

t_ ~- ~
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TABLE I- Exfhnded---C H;-O Cdiial -Kinetic Reaction Mechanism

k f ATb exp (-E/RT)

REACTION A E /R- FORWARD

1)CH+D mH + 1C A. loong.Chain 6.0 x 107 1 12.2c x 10
n 22 2 B.CylI 208x 10 1 i9Ar 1

2) CO + OH H + CO2  5.6 x1010 0.4x103

3) CO+ 0O=CO + 0 3.0 x 10 
12  

0 25.0 x 10
3

4) Co +0+ m =c 2 4 +B m18X-10
1  

-1 20 lO

5) H2 + 02 = OH +- OH 1.7 x 10 ~ 0 24.7 x 10
3

6) OHl + H 2 = H2O0 + H 2.19 x 10 ~ 0 2.59 x 10

7) OH + OH = 0 + H 0 -5.75 x 101 0 0.393 x 10
3

-)0+H H + OH 1-74 x 10 13 0 4.75 x 10 3

9) H + 0 2 -0 + OH 2-24 x 101 0 BA4S x 10

10) M+O0+ H= O +HM 1.0 x 10
16  0 0

11) M+ 0+0= 0 + M 9.38 x 1014 0 0

12)M+ H +H = H 2 + 5.0 x 10 is 0 0
13) M+ H+ O = H 2 0 +M 1.0 x10

17  0 0

14) 0 + N N + NO 1.36 x 101 0 3.775 x 104

15 2 +2 =N - No2  2.7 x 10' -1 4.6
16) N 2 0 NO+ NO 9.1 X 10 2 4  -2.5 6.46 x 104

- 104.3x1417) NO + 14O N + NO2  1.0 x 10 0 44 O
18) NO + 0= 0 2 + N 1.55 x 109 1 1.945 x 1044

19)H+ NO 0+ N +M 2.27 x10 17-0.5; 7.49 x 10 
4

164
20) M+N 20 =+ NO+ M 1.1 xi10 0 3.30 x 10

4

21) M+ N0 2 = 2 + N + . 6.0 X 1 1 -1.5 5.26 x 10 
4

22) NO + 02 = N 2 + o 1.0xil 0 2.29 x 1O0

23) N + OH N O + H 4.0 x 1013 0 0

24) H +NO 2  ho+ OH 3.0 x 10
1  

0 0

25) CO 2 + N -CO + No 2.0 x 10 1 -1/2 4.0 x 10 3

2U) CO +NO 2  O 2 +NO 2.0 x 10 
1 1  

-1/2 2.5 xi10
3

Reverse reaction rate k is obtained from kfand the equilibrium constant K
Fr

key feature of the modular model that allows the inclusion of a fuel injection module.
This is particularly true in the case of liquid fuel injection, for at the fuel/air ratios
appropriate for ramjet combustor operation, the liquid fuel streams initially occu'py a

T, very small portion of the overall combustor cross-sectional area. The liquid fuel injec-
t-on model-makes use of a combination of empirical information and turbulent mixing calcu-
lations. For example, the fuel jet penetration from the wall is- computed through the use
of an empirical penetration correlation 181, using a breakup time correlation [9) to esti-
alate-the downstream-distance at which penetration is to be computed. That is, it is
assumed- that the fuel jet has turned parallel to the airflow at the axial position at
which-the- initial fuel jet has broken up into droplets, as given by the braakup time cor-
relation and the local airflow velocity.

Since the basic modular model formulation- invol -ves an axissmetric flowfield, indi-
vidual fuel jets cannot be-resolved, and it is assumed that the liquid fuel spray forms an 1
annulus whose cross-sectional area may either -be -specified -or computeid based on an assuimed
fuel spray-bulk velocity. A bulk spray evaporati -on coirrelation is-then, usle to compute
the fuel. vaporizatibn. rate;. this correlation 110]1 is, a fuficti6n- of the initial v..locity.a
and- tempekature differeacebetweei the fuiel spray and the surrounding- air stream. Spread-
"ain of -thd-.fuel jet is computed through-use of a turbulent mixing hypothesis as for-the
mixang-process in the remainder of the parabolic flow. Figure 2 sh ows the-results of a
computation of_ the fuel injeto~rcs fothreefl inetrs, located in the com- 3
bustdi Inlt -wall, -along, the-centerline, and in a-midstream position. Shown'.are the -com-
puted c6nitours of the fuel mass fraction, or, with the vapo r-phase--fuel shown as the solid
li ne and'the liquid-phase fuel as the dotted line, as a function of both axial and-radiil

- -positon ±n~the combustor inlet. For these calculations the air inlet velocity was
apprxmtl 70 tsca at eaue of1600K; the overall fueljAir equivalence
ratio -was 40.6. The results shown in Figure 2 -proiide a good example of the detail of-the

ful njctonprcss available through use of this aspect of modularmodeling.
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FIGURE 2. Predicted Fuel Mass Fraction Distributions for
Simultaneous Injection at Three Radial Locations

2.5 COUPLING RELATIONS AND ITERATION PROCEDURE

The overall logic of the calculation procedure is shown schematically in Figure 3.
Inlet conditions can be defined upstream or downstream of the fuel injection station as
required: if liquid fuel injection is specified, the penetration and spreading of the
liquid fuel jets are computed as described in the preceding section. The computation pro-
ceeds to the dump plane in the sudden-expansion combustor, at which point the dependent
variables in the flowfield are stored for later use in the recirculation zone iterationprocedure.

An initial state for the stirred reactor must be specified in order to begin the
iteration procedure. This state is reasonably arbitrary, e.'cept that a reacted tempera-
ture level-must be specified. The shape of the dividing streamline separating the direc-
ted flow and the recirculation zone must also be specified, along with the shear stress
level, expressed as a "skin friction" coefficient. The initial stirred reactor state, in
conjunction with a model for the shear layer between the recirculation zone and the direc-
ted flow then defines the boundary conditions for the parabolic directed flow calculation.
Dire~cted flow computations are carried out to the axial station at which the end of the
recirculation zone has been defined; as part of these computations the diffusive flux of
species and energy across the dividing streamline is computed. These fluxes then define
a new set of stirred reactor "feed rates", i.e., species and energy fluxes into the recir-
culation zone region. Convergence of the procedure is defined by the change in the
stirred reactor feed rates from iteration to iteration; each species and the energy flux
muit change less then 0.11 before the convergence criteria are satisfied. If they are
not, the species and energy fluxes, and the overall diffusive mass flux and physical re-
circulation zone volume are used to compute a new stirred reacte- state. The pressure
required for this computation is taken to be the arithmetic averagezof the pressures com-
pu ted as part ofthe directed flowi solution at the- beginning and-end of the recirculation

i| region. The new stirred reactor state is then used to define new directed flow boundary
conditions, and the computation is restarted -from the dump station. When convergence is
achieved, typi6ally in 3-5 iterations, the combustor calcul-tion is continued t6&the

specified-combustor exit station.

-1:In describing the coupling between the stirred reactor and directed flow elements of
-. _-- the model, 'it is useful, for clarity, to consider a simplified formulation for the stirred
- - reacior, -using a global finite-rate kinetics model. In this model, the fuel consumption

rate is given-b-the eXpiessin -

de 'v. 0
12 A exp (-DI/RT) (16) _

-M7 M -
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where the C's have the units (moles/cc/sec), T is-in RX, and R is in-keal/mole OK; A c
3.80 x 1015 and B a 15,600. Performing the manipulations necessary to recast Eq)(16 in 0-7
terms-ofmass-fractions, andtsubstituting into Eq. (2), results in- a- set of simultaneous
equations-for theactive species o the form:

-2-D 'Ie 0ec~~ (), (17i

d2°  =0 % - 0

31172

VS(T) 12)
*~~N dt n + m/41

d1I
*19

- 20+ lioj%5Iv(T (0

M(21

Z(T).01 + ex (-BrT)WFW0
52 VO (22)

d _ N 2

eGiven the specification of the ait, Eqs. (17-21, along with the perfect gas equation of

state and Eq. (3) are solved to obtain the new steady-state values of the active species,
i.e., the values obtained when dfli/dt - 0.

MLiT REACTORG
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FIGURE 3. Modular Model Calculation Logic

A key element in the modular formulation is the model for the shear layer between the
recirculation zone and the directed flo. It is the computation in this region that pro-
vides the boundary conditions for the parabolic directed flow calculation; through the
gradients in energ and species mass fractions computed from the directed flow solution,
the influx rates in Eqs. (1-21) and the energy flux h1 in Eq.(3) are evaluated. The
shear layer region is computed in- simplified form: It is assumed that the shear layer
can be modeled as a region _ (x) aaroSiwhizh_ al dependent variables (i.e., velocity, tem-
perature, and spece mass r le iy linear ly.
layer width itself is specifiable by a-linear growthi law,



L-- ax +b -(23)

in-whicha-and b-are- constants. Te constat-b can be related to the initial boundar.4 layer thickness at the expansion plane, whilethe constant-a-can be related to-empirical
expressions for shear layer growth rate. For self-similar shear layers, the constant a
can be related to the shear stress level at some characteristic point in the shear layer.
#o4_ever, for reacting nudden-expansion burner flows self-similar shear layer concepts do
not apply and the dividing streamline shear stress is. in the modular model, independently
Specifiable.

As shown in Figure 4, the dividing~streamline shape J(x) is specified: This spec-
fication also defines the dividing streamline streamfunction value vw. Along = Vw, the
turbulent shear stress is specified thr6ugh the use-of an input *skin friction coefficient':

C /2 (24)

where and U are evaluated as the average of their values along the flowfield centerline
and along the streamline 0 = #p. As noted above, temperature and species mass fractions
are assumed to vary linearly across the shear layer. If #v is defined as the streamline
immediately "outside" the recirculation region (i.e., within the directed flow) and Vr is
a (an imaginary) streamline imediately "inside" the recirculation zone, then, for speciesi

#%i~ aM air(25)

and for temperature

T T
3T') .A.S(26)

where air and Tr are the values of the species mass fractions and temperature obtained
from the stirred reactor solution.

FZGURE 4. Dividing Streamline Definition Sketch

The boundary conditions at # = w established by Eqs. (24-26) define, through the
parabolic solution, effective gradients which can. be used to define the influx into the
stirred reactor. For example,

mi=2vJ-j V 3-3 c(i)dx (27)

0

where L is the distance measured along the dividing streamline and vT the turbulent dif-
fusivity for momentum; Sc is the Schmidt number. In discretized stream function coordi-
rates, using the transformation purdr = $p Eq. (27) can be rewritten as

RY) F,(x)dx (28)

0

where d _ ur 2
i-*. Defining

A L

= d f(x)da d (x)dx (29) _

and noting-that, by defini-tion, afr Is constant,

tR
-1- d~ n -trp

--. sxix- r 0mi - t(0) __



eehstiutii loq. r301 -into aq. es)-,--antai~hd nhed 0, results in the working ton
of--ene stir- re-~t pce quatio ause in -the modulafr hel. A similar-

open can'166 followed--fort the energyflutteib hl1 -in £q.-(3).

With thendest ibinsiuatio te or eired the--ieraton pede involvedin the idel-
as model can bet ad G t cn s the d ire flatthe start of the

t n or a's input
conitins,-an gien initia- ~sse~fotli icirclaton onestae, f-tnd TX, a" well

skinfricion nd~-re valuti~dinnthes gu ntiie arde
A cie entffio -this - thebn pababolic t-tiopretes ti te eni of theer

c~irlaion trouig E iso 5) a del ;aiJgotyconitios We the end, fothe

recztculation-tie ares echd 45
used._ -alon with anntspecif ition- ofe, to ta new reactor state frcm

sivi(7- 22-. -The prozess -is k-eafd mtilcbanges sller than -0 .10% are-ibseved in
ii" and 1Wi-te; ai h6 t hcthe reaitierof the coebustor-calculation is carried ot..

rousnary -conditions for the turbulent hetic- energy. k, and the turbulent kinetic
enery sdissipation rate, c, are established in theame manner-as described for the mea

otenergy and-specis equatioas. Tus, values are assumed for the turbulent kinetic
energy and its dissipation rate for the stirred reactor region, kr and cr, respectively.
and -the gradients in k and ce along the dividing strearline are established from the rela-
tibus

aj k -k
(31)

Be _ = or 132)

As is evident from this discuasin, a number- of parameters must be specified, either
empirically i through iaison of model Predictions with experiment, for a modular
oda l computation- t prbcid. These include lthe size-bd shape of the recirculation rone,

the coefficientia and b in- Eq. (23), therecirculation me vale of k and- e. -and the
devidinjttrealine skin friction- coefficient Cj - while this is a fairly lengthy liat of
coefficients, and is- i addition to the inlet an val bouary conditions that-nst be
specified in any formulation, experience has shown that good results can be achieved using
a reasonably limited range of values of these coefficients. For example, both the size
and shape of the recirculation zone can be adequately specified as functions of the dum
comustor geometry, and it has teen found that-the shear layer initial thickness, spread
rate, and shear stress distribution along the divikin streamline have a marked effect on
the static pressure distribution coted- -for the cobstor. this suggests that an outer
iteration loop can he used to.adjustthe computation for a specific cobstor geometry
through matching of the computed stat-ic pressure profile with experimental data for that
geometry, and this techniue has been sacessfully used to match c ted and experimental
distributions of static-pressure for both cold flow and reacting flow. The modular ap-

proa- is not a generalized predictive tool in the sense that- it ca be relied upon In theabsence of experimental data; instead, the model is one which, given A limited amunt oft
available data, can be used to predict and interpr-et the phenomena occurring within the
combustor under test, and to provide a means for scaling test results to cover a more
gemvral range of interest to the combustor designer.

3. AkPPLICALTICN OF MOOULR NMOCELIN TO SUDDflI-flAXSIQI FLOWflUS

In order to demonstrate the application of the modular model to the analysis and in-
terpretation of sudden-expansion flcmfield data, calculations of a variety of different
sudden-expansion flows have beien carried out. These floefields include icamiressible
and comressible nonreacting flows and premixed reacting flows; in the latter case, both
one-step global and the full quasiglobal chemical kinetics models have been used. Although
there- are a numer of emirical coefficients in the model , these comutations illustrate
that coefficient values can be selected based oan one set of data, and in large part, used
for- the -computation of different- flowfields: Viere changes in coefficients are- required
the differences- in- each case can be- related to physical differences in the flbrfieids in
different configurations.

3.1 COL flMI APPLCAIK

Validation and demonstration of the-nodular model re~uires detailed data for the
sudden-expansion configuration of interest. One such-source of detailed data is the work- -

reported-by Chaturvedi Ill for an-essentially incompressil sde-expansion flwfield.
The sudden-,exp nio c-fgraiuinvestigated by-Chatutvedi invol-ved an area-ratio of

44with-an inlet- Teyn*lds n.der (based on iniet diareter) of 2 x: 10$* The inlet veloc-
iywsthus of the order- of 100 ftfseei; A vaiety if- ex-pansion ang-les-were studied,-

vatrying from IS* to 90 ti-W9 expansion angle-case i ftenritrs nti
model- validation woe. Chetuxve& partsha nLI f2 becc h ne im
eter (W.D 2:13 based cn "cotbustor daeter) anid-was aspirated by a centrifua tq n

bterfly valve-assembly a theb downstream end; the inlet was a beliwouth intake directlyj
co o~ 9h xaninsection; Because7 of tedifferne in Chaturvredi s ereietai K
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typical ramjet ct~stion _chather. and the lack of an inlet- sectIon, the -ode "= assump-
Soultie necssay t math te moila one~prdi inswith- these data arenm ncesrl

vLS a~opratefora ranjet c~or . EMave. ctatzrnedi's data, uhich inelmde raan
radial profiles of mean velocity, axial and radial turtole-t in-tensity cam. nts, and
totael pressure, are detailed emush to provide- a critical- tevt of a-deflaw tnabaility.

The parameters, in addition _to wail bmudary cwtditions and inlet redtions. -that
=as-- be specified -for a- noiular dr-utatoa Aabids: recirculatim zone sire and shsp=e,

shea Jrr 4i~ thickness And gruxth rate, dividing z b- sear Stenstoef-
c~a'~ ecruato zn t1fl - kinetic - sgy--- level.,n reczxcalazne turtlest

is....t~m ecthscle ~ia 'rc1 b ad establishbed4 -for typical sme-xp=~-
andir imstask -that di~e reml~n sbape was wel represeated -y a parabolic

a.... arrange-d such that atz the steUp. d.r/dr = , sad %&ich lntercepts the srall at a dirao
9 2 step heights 1--m the 1 e- t#ls recz-rculseion zone length. correlatioan %ax based o
axnrv ys results -U131. This Wor also Showed that- the dirm r-anlin shear stress
coef.±e" --a a strong, effect on the 'p..cd sai pesr dinstrbui, iie th
±uxbolent kinetic ener-gy dispipation rate length s=l ~ fr the rucltinn
had a stronag effect on the rate ot tanspor- int and o=_t of te rear-'atio rmsisn.
-be zhar layer in-iia' t ~'ctiess and rate of nowtb Lad ittss oaveal1 ef fect. -te

wa~ considered in the earlier wock.

Althuag Chatrrredi *s date shwa reatta-t point at 9.2 step heights fe the
'-e and radicate an escsimtially parabolic rc-namne - ape. coparisn of the

tca these data cold nort he reproduced vith the parabolic zrimrculation z- IvdAryv
thr- h.ad bee =M&d Lanstea, an atandefd rectrenzatioo Zo e h ad to_ he asopted.
bolc _- zdfie z=--~ ot shapes adopted far the -ibiptati.mae flatV'

theextnsthapes thate e effem-ti'y deennrcirculatrZon Zene for , pu~sf heomr-
patios the stir-red reactor Voume is kept amthn - .61 ft distme inaicated- T !!e d-Ata:-

effect othe serlayer hondizp- the divti screamlize relay to that of a wal
bdcaduy layer. A atailed descri4ptiont Of. thOeffaie th he aiin Ma- Parwm-
tera for this floefiel-d iS; giroelseahere 1141- It is ipOtaxt to note tha the S2djest-

t fthe xodel prse.mters carrind aut for this case %-4me aith -rfernme to the will
stattc oressure end cafterline Velocity MeaSurves=: ?he deald r~ ffl a ver =o
Use is the moelf iteration.

- 0FIE MINO SSmILnsnoo

0:04-

q 0*

.. T7:1.

newa S. Ccpasn of Assme Vividing, straam-i shapes
With M-atorVe-i Data 1111.

Ine incoonessible sndnejninrepreseats a co--figuration for which the cwta-
ticnal capibilliezc of the mdlrand unlffe =basis overlap, so that fu thi flonf"=
a comarson of results obtained-d main both types of moel is of cosiderahlec Interest-
lb_ truside this cooprsot. calculatZions of the Ownnrvedi smuidc -- flowffalt Vee
cazried oat using- sm elliptic code devloped fro- th e rs -- za 'ege primitive variables
foxamati'd.-- ienlet conditions and turbulence modeling used for the eflpt- calcula-
tioa were Iftent.cal to that used the modular approaC' Tbw- for both sets of calcula-
ticus,- the initial-oit was taken to he amifurn; aseuss the zilet, the Initial zturhe
lenat kinetic energy level was lo'n*U band on -aveis data, a.-d the initial turbo-
lence energy dissipation rate w-s obained free c a l.6.k'=5 14Z -with 1 j - O. rc A stanr

da-. e of nc-a.==o moelcoffrnts have teen_ used ftrnafl of the flaild COMc-tatis reporte inn this paper; thus: Cn a 0-09; C=- *: 1.4-;C2.5 u .1
a1.22- Wall boundary condios foar the elliptie coutations war-e defined using a

uel-fsccn tnue and the dicstr-ea-bacdary condition inos obtained through use
of a zero axial gradient hypothesis for all dependent variables, -4he uniied sodel ca-
culation u-Seda it 2 s* 25 (s-rI grid tomnmz Effsniu prablms and was
con-Aed for il12C. tic to obtain a nss Aktaince O m c ritreceerica Of l*ss

isons of radial velocity profiles obtained through-M of the unife oe
with toeobtaines - the modlar calculation and with Chturved, s ill]- eap~iniental

= dateaire shn in 6.e and -Tt is-evident freem these flaries ..hat the cofied

I4

lm-==-



model predicts a greater wiring rate and shorter recirculation zone length than tie data
indictate:- however, no effort-w-as sae to optzaize the unified model, calculais for these
data (tvuh.brewladiiai to- the wall boundary conditions-use- i-n the co- -i
puctationJ - it is -intexuating to A thatfor X/D - 2 and VID -4, the thified model
velocity profile shapseprudition axe siviler to- those the aofular model prodwes. up to
tie dividing streasline- _;modler-odel of course, provida no detail within1 the r--c

Eiveato rein As fin sf Abesteepening Of th'. velocity profil in the
neWir il region between ttb - * and =I ! 8 that Is predictd -ybt9oel.Fgr
This prvde uthreidecethat a eshear -layer eaata-rinhythizdto
erirt im the modular model fommiatln= of the flruftld is In fact a feature of. this flow.
raial'tt balet -ieieegytuinfor KID - £ are stcn iz Yiqure a. Although the
ellintic ,wdel~ produces a slghtly- lowr- level of turtalent kinetic energy than does the
rdular appoach. both calculations Are An reasohatly god aresaet with the-data. These
oaparisons indicate that or this cofgrtothe ZodUlar Zapprouatf is Capable of Pro-

I iding predictions of the details-of =-he flaufield that cre in agremet ith t ,-' the
eernennal data and with predictioax-oetaned f--= unified techniques. wt~*

they vrvide evidence thatt fl- lyer anvw d recir-culation . models incldd! the
siodular approach are adequma regresentations nf bohof these regons

r
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3.2 RIACTING FLOW APPLICATZOWN

0-.SL The configurationdescribed by Craig, et al. 151|,is, whilo a suddem-oupan1ion, con-
siderably different from that studied by Chaturvedl I I). 'The basic configuration studied
involved a ceombustorL/D of3# adumparee ratio A/A of 2.25, and an exit nozzle area
ratio A2 /A3ro 0.40. ,Thus it-isconiderably shoitirlhan Chturvedil'eapparatus and in-
corporates an 6xit noxsle contraction vhich'was'not used'in Chnturvedil'sork. Ioth of
these differences can ba expectedoto have substantial effectson the overall flowfield
development., Cold'flow and reacting flowexperimental'results are reported for' thLs ',
sudden-expansion configuration...zn them6dular model, computations, the cold,flowdata
were used to evaluate the model coefficient,: values, for, the' specific configuration, and
computations of;a premixed duup,combustor'tsvfuel/air r&ieoof 0.053'werethen carried
out using these ooefficientivaluesfor comparisen with'the data presentedihn' Re, ' 15,' in
the experiments, the fuel used vas'JP-4 which-was,representedrin the computations'by pro-
pane. Both a simple one-step gl-hai'finLte-rate chemLtry model andthe-full'hydrocarbon
oxidation kineticsas reprosenteu by the'quasiglbalmodelwereusedto represent tho
chemical kinetics processes inthe directed flow. ;Theglobalmodel wa usod forthere-
circulation rone in all cases., Propane was chosento reprosent the fuel bacause previous
studies with propane had resulted in the development of a one-step finite-rato kinetics
model that represented fairly accurately the ignition delay for propane-air (althouqh not
the overall reaction time) over a range of conditions of interest in thisowork. Initial
conditions included an inlet total temperature of 5544X and an inlet static pressure of
1.03 atm. With a mass flow rate of 1.57 kg/sec, the inlet velocity and static temperature
were 159 m/sec and 5430X, respectivelyl the inlet Mach number was 0.351, initial turbu-
lent kinetic energy and dissipation rate values were established in the same manner as for
the cold flow calculations, and the geometry of.the combustor and.recirculation zone was
the same as in the cold flow calculations.

Both combustion efficiency and wall static pressure distribution" data are available
for this configuration, and the results of the modular model calculation of those quanti-
ties are shown in comparison with the experimental data in Figure 9. The combustion offL-
ioency was computed from the mass-average temperature at each axial location in the calcu-

lation, using the JANWUAr temperature-rise combustion efficiency definition 116). For
these data, TTJ(ideal) - 2170"K. Note that in these comparisons, data points are shown
for the fuel/air ratio 0.053 value at which the computations were carried out. These data
points were obtained from plots of combustion efficiency vs. fuel/sir ratio presented in
Ref. 15 for three different values of combustor L/D. The band shown for each data point
represents the range of observed combustion efficiencies as a function of fuel/air ratio
and is a better indication of the overall trend of the combustion efficiency vs. length
data than are the Individual data points themselves. Some caution is advised in inter-
preting the combustion efficiency oomparison shown in Figure 9 since three different com-
bustor configurations were involved in obtaining the data. Thus the relationship between
recirculation zone length and combustor length is different for each of the three combus-
tors tested. on the other hand, the static pressure data (for two fuml/air ratios which
bracket the fuel/air ratio used in the computation) and the predictions are both for a
combustor L/D of 3.0.

A point that should be noted In reviewing the results presented in Figure 9 is that
the level of agreement with the data obtained was arrived at by incroasing the kinetic
energy level in the recirculation zone substantially over the leveLs found to be appropri-
ate for the cold flow cases already discussed. Ono possible physical cause for this In-
croaed turbulent energy level in the recLrculation region is the large-scale oscillation
of the rocirculation zone that has been observed in a variety of reacting, recirculating
flowfields 1173. While the fluctuations that nuch oscillations produce are not strictly
turbulence, two factors combine to suggest that they can be interpreted in the context ot
an analyticaL flow modal as increased turbulent intensity levels in the racirculation
zone. One is that the oscillations enhance the rate of mixing in the recirculation region
and in the shear layer bounding it, and the second is that some of the energy in these
oncillations can be expected to provide a source of turbulence energy. For all other fn:-
tors equal, the increac in turbulent kinetic energy in the'modol rocirculation zone,
white not Lncreasinq the mixing rate within that region, does increase the eflective vix-
coity along the dividing streamline, and thus the rate of transport across the shor
Liynr. It also changes, both directly and indirectly through the tranaport mechanirm, tho
rato of transport of turbulent kinetic energy to the recirculation zone. Thus the in-
creased turbulent vnergy level in the recirculation zone required to achieve good a'ron-
ment with the available data for the Craig, at a. promixed combuntor appears to he plau-
sible on phynical Urounds.

While those results indicate a good overall level of aqroniunt with experimental data
for a premixed combustor, the nonpremixed case involving liquid fuel injection in of con-
ulderably greater practical interest. To test the applicability of the modular approach
(whicti, as noted in Section 2, incorporates a semi-empirical model for liquid fuel, injec-
tion) to the analysis of nonpromixed ramjet combustorflowfield, the experimental config-
uration tested by Schmotolocha and Economos (181 was selected. For these experiments an
area ratio A3/A2 0 9 combustor was used, with liquid JP-4 injected perpendicularly fram
the inlet walls through an equally-spaced ring of orifices located 6 in. uputrenM of the
dump plane. The inlet air Mach number for this combustor was 0.49 and the global fuel/air
equivalence ratio was 0.63, Since the experiments involveda heavy wall combustor, and
the code is presently limited to either adiabatic or isothermal wall boundary conditions,
the effects of heaot loss to the walls on the predicted tomperaturc-rise combustion effi-
ciency were approximated by using a lower air temperature value moasured atth.a exit of
the combustor during isothermal testing in pld0d of the actual inlet ait temperature. As
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in the premixed cosbustor investigation, the reaction rate for the JP-;4 fuel was modeled
us-Ing a global-expression derived for propane. However, for these calculations the thdra-
modynamic coefficients and mblecular weight of the fuel were those appropriate for JP-4.
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FIGURE 9. Comparison of Predicted and Measured Combustion-kfficiency
and-W4all Static Pressure Dlistributions, PremikedSudden-
Expanision Combustor, GlobaV'riiite-Rate Chemistry model.

Model coefficients were taken to be those established from the modeling of the-pre-
mxd-dumip combustor descrlbed earlier in-thi6 iction, despite the ~large difference in

dump irea ratio'between the combusior used by Craig, dt al. 115] and the present combus-
tor. -Results of these computations aza-hown in-'Figure 1-0. - In-the lower pift~of Figure
10, the computed combustion tempera -ture distrilbution,"is shown. Coalescence of the iso-
therma along the rieci-culatiori zone boundary reflects the highly tirbulent shear layer
region. The predicted equivalehce~atio-in~t.%e recirculation 2one, *4, iJ 1.87, as com-
pred to a measured-value (if 1.701 _foi theig4lobally fuel-lean overall-aquivilence ratio

of 063.Roe hatth ~orzto -i reiult1mog_.fr&1.'liquidfuel 1 njection

leiels,__as shown by-_tfep p-ienhee * ota l00*R isotherm. - A compariisofi of .redicted and
measured~radiakl temeittie' pr6files iis goviddht'the cbustorxit-plane. _Ani expec-
ted, - the -inmeastred temperatUre iiear- t eals&e tn-tericlu tlclht
loss,. - In Athe-,_regio6nna '-.cer ;&V tiihe local te.-itri substanrtiallk undorpre-

dicedIwbch oil reultfr deficienie lnheen '__ t--I 'r5lefici7 ioaeling or indt lo l fwiite r6iate cil riaetis model -(whic he-atil vrr~it h e
qieracioni te oihd- tal mor comlet che icii eis forniulition), or both.

However, th mass flewin th i -__regiomi.m l eai e t i ~ b1 lob~ tr m s

f l w o t a t _ o v - 1 er a l c au t I o n e f i i e c w h c h i s b n s ' - v r g d t i o e k a t u r e s ,
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FIGURE 10. Comparison of Modular model Prediction With Measured Dump Combustor
Performance, Liquid Fuel Injection. Data From Ref. 18.

4.* APPLICATION OF MODULAR MODELING FOR R.MiT PER!'ORMANCE DIAGNOSTICS

one of the most important determinants of liquid fueled ramjet perfornance is the
fuel distribution at the combustor entrance. For the sudden-expansion liquid fueled rams-
jet, the interaction between the inlet fuel distribution and recirculatio., zone state is
a further important consideration. A variety of observations have shown that for wall in-
jection of the fuel; the recirculation zone equivalence ratio is generally more-fuel-rich
than the overall (global) equivalende ratio. This is demonstrated by the data of Schmoto-
locha and Economos [181, which was obtained for three different inlet conditions and at
two different locations of the fuel injection orifices upstream of the dump plane. knded,
the moai,*rements described in Ref: 18 indicate that for overall equivalence ratios greater
then 0-.2, the equiv'alence ratio in the reiculation region is elways greater than unity.
These-data are showh in Figure 11 in which the results OIL a modular ::Ldel computation at
one overill equivalence ratio are also ihoun: The agreement between the experimental re-
sults arid the computation is reasonably good.

In the experiments described in Ref. 18 plain 6rifice fuel inject'-on was used. For
plain orifices, fuel penietration characteristics are reasonably well-doumnted. an the
empirical penetration correltiofi used in the model is based on data for plain orifices.
Piowever; plaini orifices are not widely used in ram jet d'esioz -because of their poor turn-
down charatristies which ieduilt in the need fo se;;eral sets of orif ices to obtaijr a
wide rao56t operatinig range. 'The mOlt'6Oiboiy'usrid fuel inijeotbi in liquid-fuel rarjet
applications is the poP 6t rinjectoi,; whi6h has a niu~h br~ader- tt~idwn ranige than does-a
plaifi-oiifi~e. Howovdr, penotiation'characteriitics fo-optiietr ne e
oneratihg conditions are not w6i1 documnted. 'Idd there exiss ne investigation of
ppe (arid other nozzl) peneikration Hfiracteristid und'er raojet operating codtons in

whic itwaso~seived-thit the pen-etrifon from kpets-is essentially nil 1191.] While
other resulfs indicate'that 'penetration oharactedristicis similir i6 orifice in ection dan

be in~dsingjiPpets, it remains cldairtha thepntrto
oeti aii n6 t as well Jeknown as for laIi oiie. - -~ aatrsiso

At one operating condition, which involves a relatively high inlet temperature, low
rzjtcombustor performance was observed in a recent-test program: At this one condition

-erorane wairs cdnsid hbi' lower than -tt otlfdi test - nditioiis. Reviewo,'f -V 1i available
re guh i 'u~stod_ that'fuel distributionefoets werea -possible cause, and-iipriua

that -at -thq operaitii 6ondition in -qu~stion th4"fuel 'pene'trEtion from the -wall-mounted
poppet fuel injeciord -may have been negligi~f To'iresti~atb this possibility, anidto

-6iy h ef fe of ftel' distrfbu~foni i &nbugto-n-''O-rformance, a series ifpaaetic_
;odular model computations was carried out. _
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in the modular approach, fuel injection is modeled-using anI empirical correlation for
penetration an-i a breakup time correlation. The latter correlation defines the downstream
pt'lition at which the penetration is computed; from this point the fuel spray is assumed
to vaporize at a rate given by a bulk spray vaporization correlation. After injection,
the fuel is assumed to reside in an annular region at the position specified by the pene-
tration correlation, and spreading of this annulus is computed using a turbulent mixing
model. For the conditions of interest in-the parametric study, vaporization occurs rap-
idly, so that the parameter to be varied was the fuel penetration height. Figure 12 shows
the predicted recirculation zone equivalence ratio as a function of fuel penetration
height obtained from the parametric study. of particular interest is the result for near-
zero penetration height, fIr0 = 0. Under this condition, for a global equivalence ratio
of unity, the predicted recirculation zone fuel/air ratio is extremely fuel-rich, with

OZ= 4.5. This high value of equivalence ratio produces a substantially cooler recircu-
lation region than would be obtained for conditions nearer stoichic-etric, and this in
turn leads to reduced flame propagation rates and lower overall combustion efficiency in
the combhustor. Evaluation of the effect of the rich fuel/air ratio in the recirculation
zone on overall performance is, however, complicated by difficulties that are encountered
in modeling chemical kinetics in very fuel-rich regions.

6.- GLOBAL EQUIVALENCE RATIO, 1.0

4.8-

3.0-

0 peet.t1 0.I
PENETRATION HIEIOITINLET-RADIUS.11' g-o

FIGURE- 12. Recirculation %cne-Equivalence-Ratio

Thera, i~s -no currently :available:ifinite-rate chemical kinetics model which cax orovie
adeqateresuts or omplex'hydracarbon.-xuels 'under fuel-rich- cond -tions -at temperatures__

at which the effects of dissobiatiori maiiifest themselves. The modular-model- foxmulatidi-
ued-for the computations described ih-thisl-ipet includes as options citiftar Cn~-ep

~ ~ -__2.



finite-rate model or the quasiglobal kinetics model. In the former case, the products of
-combustion are the fully-reacted species H20 and C02 , so that the effects of dissociation

i "1-#are-ignored, and the overall reaction rate-is underpredicted. The quasiglobal model used
in the modular formulation is valid for complex hydrocarbon fuels and includes the effects
cZ dissociation, but is not appropriate for equivalence ratios much above stoichiometric.
Other models have been proposed for fuel-rich conditions, iuch as the four-step model of
Dryer and Glassmin [20-, but this-model ignores dissociation effects. Thus it is diffi-
cult to obtain reliable estimates for the chemical kinetic rates that pertain in combus-
tores in which significant regions of the flowfield- are highly fuel-rich. This difficulty
is reflected in the perforvane results shown in Figure 13. While the trend of combustion
efficiency as a function of feel penetration distance obtained through the use of the one-
step global kinetics model is as expected, the magnitude of the overall change is rela-
tively small and probably incorrect. The reason that the magnitude of these results can
be expected to be incorrect is that the global finite-rate model can be expected to sig-
nificantly overpredict the recirculation zone temperature for fuel-rich conditions, since
the only effect of fuel-rich operation that this model recognizes is a dilution of the
products of combustion with excess fuel for 0 >> 1. With this model, the reaction rate
is linear with respect to fuel concentration, whereas evidence exists that for fuel-rich
conditions reaction rates do not continue to increase with fuel concentration, and, as
noted earlier, dissociation effscts are also ignored.

g1.0i-

: i :i ONE-STEP GLOBtAL FMIITE-RATF
O ~KINTllICS lMO'VEL . OVERALL

it0.4- EOUIVttLrNGII RATIO, 1G: .0

O -

0

FIGURE 13. e-e =cted overall CcatstiO . ;%Vfieecy as
a Function of feel PMnatratil !.:eivht. :*

NsIt0 : indite that nr the considered, o valuesLITR

of fuel penetration distance are dire~tly coupled to rc .-Z: ins ii. overall combustor per-i
frfiance. since futher dev--.1,-mnt testing usina ' "=,,:;= sche. es desi-gned to in-
crease fuel penetration zesui - in signifie ,- perforr aci Anprovements, it ca. be con- |
sidered that the trends demonstra '.- b this modelin efwmt re been experimentally
verified.

The rroble=s encountered i-n the developmnt of advarced ramjet combustors- which in-
=- iclude flame stabilization, flame propagation, and spray combustion-phenomena, all involve

= - a strong coupling between fluid :mechanics and chemical kinetics- Because of this str ong
: : - coupling, analytical combstor models are required to sort out the various mechn-s~ms thatcontribute to overall performance: The ability to compute, in some detail, RLbustion

+ :chamber flowfields is necessary in oider to understa nd the phenomena that occur in exift-
=: : ing combustors and to estimate the performance characterkstics of new conbustor cocepts.

In response to th ed ust outline# a detailed moe-of tesae-_qaso
< : - --- liquid-fueled ramjet-ctombustor has bendeveloped. This radel makes use of the nodular
=: s -- ---iconcept, in which the overall combustor -flowfiield is broke down into a number rfrgon

_ _: > _ - }eaich of which is analyzed in detail using a technique suitable for the specific part of
_-; .b -- +ithel flowfield. These ana y-ticl -subelfe~nts--, -r modulas-, are then coupled together itera-
.... tively. through their bou:ndar-cofnditicfos; The examples given i this paper have shownS 4yield EoEN Rth per ntal data for a variety of con-

--:=-: 7,-figurations .anid-thai:--th4- model :prvides a useful1 t~ol for the analysis and -interpretation
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Because'the~modular model depends on -the-existence of sufficient-experimental data-
to provide- a means, of --istablishig.the values~of- its adjustable parameters, it is_ not an
analytical method that can be relied upon in the total absence of experimental data. ~ i
HoWever, ,it has ibeen-shown -by the Ita!e -itis paper that the experimental data re-
quiteid toaqs h ofiiet ntemdln is -both-minimal -and easily obtained:
For the axisyrudetric sudden-:exparisibn configuration wall statiZn pressuie -distributions
proide-a suitable comparison. -moever-for the complex-interactions involved in a ram
burnerflowfield no~ciirrkintly existiiganalytical model can-be considered to be truly
predictive. For example, -the adcurate -prediction of .the, recirculation zone length in a

sdden-expansion configuration is a well-known problem in the application of elliptic
solution techniques. In the modular approach, this length is specified as part of the

moeldefinition, using empirical relations that have been verified for a varicty of dif-
ferent configurations and flow conditions. The nodular approach can also easily incorpo-
rate considerably more detail than is feasible with current elliptic solution techniques,
particularly with respect to-finite-rate chemical kinetics and heteogeneous transport
processes. The method outlined in-this paper thus provides a powerful technique for the
analysis of ramburner combustion processes.
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DISCUSSION

LGlasspoole
How long do your computer calculations take?

Author's Keply
The computation time depends primarily on the complexity of the chemistry model used in the computation.When a one-step global finite-rate model is used, a complete combustor computation requires 4-5 minutes on aCD)C 7600 computer; this involves typically ive iterations of the oeal reue.Wnth uailbal ealed
kinetics model is used, typical computation times are of the order of 15 minutes on a CDC 7600.
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THE MATHEMATICAL MODELLING OF AIR-AUGMENTED ROCKET COMBUSTORS: A PROGRESS REPORT- -

J.C.P. Bjrclley
L.T. Glasspoole
A.S. Wilson

Procurement Executive, Ministry of Defence
P-opellants, Explosives and Rocket Motor Establishment

Westcott, Aylesbury. Duckinghasshire HPIB 0HZ

The theoretical bases for the calculation of axisysivistric and three-dimensional ducted flows are set
out and suitable solution procedures are outlined. Progress is illustrated by presentation of results
from examples of axisyrtric ducted -flow calculations and directions for future work are indicated.

Nomenclature

a1 3 (1 -4. -3.--, 4) Coefficients of polynomial defining specific heat of i'th species.

ao, b 0 , c Constants in wall boundary condition for I

A. Constant factor in expression for forward rate coefficient - equation 17.

Cp Specific heat of i1th species.
=-D

CD Eepirical constant relating effective eddy viscosity to turbulent kinetic
energy and its dissipation rate - equation 10.

SCi Epirical constants in transport equation for eddy energy dissipation rate -

ci_-=-2  equation 12.

diag. Coefficient in equation 31 relating corrections for velocity and pressure.

E. Activation energy for forward rate coefficient of j'th reaction - equation 17.

F. Mass fraction of i'th species.

G!,G Gibb's free energy of i1th species and for mixture.

G~. Gibb's free energy change per unit of jth reaction.

hi, Is Thermal component of enthalpy of i'th species, and of =;ture.

H Total enthalpy.

k Turbulent kinetic energy j(u'
2  

v'
2 

+ w-
2

) where u'
, 
v', wi are the

fluctuating components of velocity.

kf1 , kbj Forward and backward reaction rate coefficients for j'th reaction.

Equilibrium coefficient for j'th rea:tion.

L Length of parallel part of combustor.

n. Temperature expzrent in expression for rate coefficient of j'th reaction -

equation 21.

M olecular weight of -ixture.

M. Molecular weight of lsth species.

i Chemical species i

20Mi Conversion factor for chemical reaction rate (= 6.023 x 1
0

).

Nmer of reabtions.

us Nmiber of cheW~cal species.

11% ff2, ff3 Nmiter of grid pints in (x,r,6) direfctions. respectively.

p Pressure.

p' iWdfis pressure (see Table 1).

__ r Radial co~inae I

R Univenal8 gas constaint.

- - -- - -- - -- -
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S. S Entropy of ith species, and of mixture.

4 Source term for solution variable 4

T Temperatur.

u Axial qomronent of velocity.

v Radial co-ponent of velocity.

-v Transverse component of velocity.

Qi Rate of mass production of i'th species.

x Axial coordinate.

Number of molecules of species i taking part in one unit of the j'th
reaction, as reactants and products, respectively.

ax, 'r, 6 Increment in grid coordinates x, r, S.

C Turbulent energy dissipation rate.

o Transverse coordinate.

I1 Effective eddy viscosity.

O Mass density.

a I k' cm0, cc. 0 Turbulent exchange coefficients for enthalpy, turbulent kinetic energy,species, turbulent energy dissipation rate, and 4 . respectively.

SGeneral flow property.

*Effective viscous dissipation rate.

Subscripts

P Value at inlet pert or primary nozzle exit.

Superscripts

() Value at centraline.

* Approximate value of flow variable (P, p, u. v, w) before correcting for
overall mass continuity.

INTRODUCTION

The successful design of an air-augmented rocket vehicle encompasses a number of complex problems.
The one which is addressed here is that of assessing the perforiance of the secondary combustion chamber.
The design and realistic testing of such a unit may be expected to be a difficult, time-consuming and
expensive exercise, involving as It does the provision of flight test or flight simulation facilities.
Such a progr of work was considerably beyond the limit of current funding. Instead a odest theo-
retic l Investigation was initiated, aimed at gaining insight into the problems of cobustor ignition ard
permitting trends in combustor behaviour to be established. It was decided that the investigation would
proceed on two fronts. Firstly, use was to be We of existing expertise and techniques to develop a
computer code to calculate axisyrmetric, non-recirculatory, ducted flo-. This comuter code was to be a
extension of the capabilities of existing free-flow computation techniques, the hope being hat significant
progress could be attained for a ooparatively small expenditure of effort. Secondly. and .ith a longer
time-scale, %ork was to be initiated on a computer code designed to calculate three-dimensional ducted
flow, with due allowance for flow asymetry and reeirculation. The latter emphasis is necessary to enable
the effects of, e.g. flight angle-of-attack and inlet geomtry to be accounted for. This paper reports
progress on these topics.

NUMERICAL MODELLlNG OF FLI-S

in carrying out a mainly theoretical study of flows with combustion the overall flow behaviour cwy be
ascertained by examining the behaviour of such features as the values of velocity, pressure, temperature
and chemical composition at points throughout the flow. In addition the way in which the (steady state)
flow develops as it passes through the flow region is influenced by te processes of mixing, so that the
turbulent characteristics of the flow mt also be considered. ea baviour of p.prties such as these
may be d-scribed by a sit of simultaneous partial differential equations, together with additional rela-
tions for the state variables. Further expressions for the rates of production of various quantities are
required, for example the production of cherical species my be determinei from the law of mass action
applied to a suitably chosen chemical scheme, utilizing appropriate thermodynamic and reaction rate data.
Formulation of the flow behaviour in this way permaiithe ioble to be cast into a tractable ma tieal n-i_
form. Transformation of the differential equations into firite differene for makes it possible to ii
approximate the relationships between theContinIosly varying flow properties by discrete values defined
at a finite nu er of points within the flow region. l -enepressed in this way the problem is ideally
suited to efficient solution by digit;al cosuteri and details of how this approach has been folloed for
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axisyntric and three-dimensional flows are given below. rnly after completion of this process may
practically Interesting quantities (e.g. thrust) be derived.

AXISYMKETRIC FLOW

A simle geometry was assumed for the axisynsetric flo study (Fig. I). The air strea
m 
was assumed

to be parallel and uniform at the duct inlet, while the primary nozzle wall was assumd to taper to
infinitesimal thickness at its lip, thus avoidin 9 probles of both flow asy metry a-nd recirculation. Wall
boundary layers upstream of the duct inlet plane were neglected. The flow was nermitzed to be s-usonic/
subsonic touter/inner streams, respectively), subsonic/supersonic or supersonic/s perscnic, but ti.e
problimi oVfalculatihg choked subsonic flow were essentially deferred by limiting consideration to a
parallel-kidied-duct for this initial stage of the investigation.

Governing equations

The equations governing the flow include those of conservation of axial menzx-, energy and chemical
species, written in familiar boundary layer form,

(a) conservation of axial morentum,

u- *r- Srj T Zx (1)

(b) conservation of total enthalpy

O3 rF1 L57 am E (2)

() conservation of chemical species,

BF. 2F 3
I&.I L II.;. .(3)

iere x , r are the axial and radial co-ordinates, respectively. u and v are axial and radia
l coo-

nents, respectively, of the velocity, . is the density, p the pressure. H the total nthap- and
r , 4i are,respectively, the mass fraction and rate of formatior of the ith chemical specie-. In
addition cll is the turbulent exchanoe coefficient ratio for enthalpy, a the tuu~lant er&.an-e
coefficient ratio of mass for species ; Wile V. is the effective eddy v;isisity, k s e

kinetic energy of turbulence j(u
2 + vA) wh-re U, , v' are turbulent fluctuations of the W -ocity

components) and c1l the turbulent exchange coefficient ratio for k . The- lost t --e terms cm. he
right of equation -2) represent differen tial turbuilent diffusion with respect to toteS e.thlr7o c-emici
species, mean flow kinetic energy and turbulent kinetic energy, respectivel.- In this work it was assumed
that the turbulent exchange coefficient for mass 'turbulent Sd=-idt nter) had the sa vale for e c
chemical species and that this was the sa as tne value of the turbulent exchange coefficen-t. tr enhalp
(turbiulent Prsn-tl number), i-e. that thte turbulent Leis numer was unity-

Padial pressure variations In the flow field ware accmdated by way of an -roximate for- the
radi ali mentim; equation.

am considerationa of local coninuity, a: outlined in ef. 1, together with a global ceo-tinuity statemint.

purdr - constant (5)

where rd is the duct radius.

ie temperature. T *anad the total enithalpy are related via th.e equation-

+ k
H- --.4u -k 1, 6)-;

where h- ( hit is the mixtu.re entthapy per unit mass, glven by

h.I, ).

Theloa gas density Wup -oen be recovered f rcw - ldea gas estion of state __

p T * 18

where* a is the Uivrsal ga cantr an- lt the mean male -5 defied by thela

IR



ideeN sthe molecular wight of the V th chemical species.

Turbulent flow modelling

Closure of she flow equations (0-3) is achieveAd W writing the turbulent eddy viscosity coefficient,

7i , as a fwictjon of the turbulent kinetic energy. kc and the eddy eersy dissipation rare. e . in1
dAform

- K

Ahere CD0 is an emirical constant- The descriptior of the turbulent b&?=evi.oer of the flow is ccqiVletsd
by way of tio additiIonal tran-sport equations for k a-'a c

~~-2otIk*~v -1 3 U j~ln _- (
or cr rt- ir- Iten

;c 'I
ru+- -Tat V (12)

In equation 12 a-is the turbulent exchtange coeficien ratio for wile C, and C., a qii
Cal constants. Equatiofl5 10-12 comrise one of stersi we-mlestabisd t utc"truec odels
(see. e-. Rea- 2. this version heiwncos7 si-ce~L f enat ~ =y i~ i ~ c r

Theioncdvnanics and dienical reactions

tOe cantitua thnCal species an-d evaluating cen flow prcp'erties from a tnaledge of the- local c-hemical
comosition. For each chencal species -- he frzoornaic iaflties n - entropy L e
Gibbs free eergy G; ame given bi

To

To

w; hii - T S 5

adiere the specific heats arc caiculatmd from the nthoroer polyriwiael

--ue Gibbs freteftrg chafge &~Per -nixt of tm in ecac.ticn is vowted fron eqaio i
yields the ewal-liie C=tans- -pt via the ,partlim VzA-.iCM

-re Wn. C, r h t -hi ric coefflciem=z iA 1%r ractd-n I~ vt:prscrfL

tfj

... Cut- = 1
rV Wyp 5 m Uk

-g 4zL
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The net reaction rate for the j'th reaction is given by the law of naas action as

it. e f t jI Fe -i tTf .I -IT[' r fj (5

Ma

In eqisation (15) the reacticon rate At. is given in kmle ;3s if tte rate coefficients k., k*=
are in the al-alecule-secnd units. Aenity ias in% kg zi

3 
and X 6-223 xp~ I*- e forward Me

coefficient Mly be written% in Arrheaitus for-m

and t equilibrium reliation

pemit the backward rate coefficient to be enlisted.

Bonary conitions

The flaw bowndary conditionts ame readily speifiad at the dre-t axis u~cm. becale a, tuasae
symetry of tle Flow. it is sufficient tol tn-e ftlt

~ftr 6 mresqents Any przerty of the flat. At the wl ~ ausoteCwCu4 e"
were set to zero. as 'cre the valus of kt 2=4 -M - ~ f~*- f04&qzzO n fet

ninoes of the turbalen e~t vi#s-osity coeflicLent ina the- near-wall reoie aacre I..tm Prome
curs of tfs 3 a A, 61 te for tevntccte-- the laws eqiwip ft zf
Wptin Of CaLculatilt ether adiabatic Or Contnt heat flu codiirsi MCThs M-1ainse can,

Uwall 1his also enlsidered to he 0=-p anO! alyWacie

Initial -- iions and Sohloon -_2cedr*

A calcclrjen may be started ti ny Ptne Oer-wl =- the d~; awis aross -icn AC rtal oF1 Ia
of eachk isae is k~wc In the pnasenx *OAthme S=2 iteC piSne la abitrril ut
dafigEd as that, VI aCu=tai*iZg meC V.n 1=417 xIt.4At SUiC 5= effetiwelV Xiqes 4= evweile
for ets1atiag the Print *=c Cxii CoDitions (ec. f. - a mtell of the air st-em ry be
detertamd trot- a %mmctge --f liely fii-3t c-nzite.

the Sol~iu prndne is a teti-nitlised wa--ia itlicit inategraztsmi.dt bind
athat drscribed ir- Let. 3. txzvtt--In *tafl.s of The flni;-diferucoig m=Na -a !b w

aproach to M sambaSe. as iall -a- a wealth of tia-. W- adeice " tabe amft
e~eMPS-tie -dl nt be given atre.

Cansiotrazle ntairaf9= of. a=4 e urhe- Otifin~v i--0aaa n Al
rocket z~estors ean be atlatin ar, ensitrtion of nlasymeric 4-Cw fiats. A*nr ze --W
aissiia, ctttau on, the sI-- aW-44 of the coaftoare likel MTo we lis iIxbmIt
alesign of the pe-,isiox Zit. ad- ii t mt- best w- Is code of m uawbt
lx Is zftitely mtanp tiliSCAo CM we waaed wip aosifrsg a fas:ir wi4de a-WV ofii
Cofig Suax.lno ndP. Tii-t Coeitio%". and tic aaly; i ei~f - famee t'ec* %NO nfte of a the
*xt of az rnizrculieticat zxs. Sutzmtas *at c d ithme ~x- =law Cos of ~a~akf

enele i-a-Ows a hartinr denlzpmeent grz-Vanar it& aftiWe, eito arzei:n t -41- Imwesi-
S aft io 16iir tenrd ioal a:cn of ZNE w

-~-In met s- %:zy sMz finite Caffcwzne u-v-~ --F. tee Csed o w f- tar- x . reacnauil
rmaauiog fias, e.q. t. ;.33 f mysr alsob tr t± th i n e f n
Coe=~ m-of wt'- screws ofba. etra t ia fa in a or-ary Cume- w-- a =W-cbZr nw fty

ct%!W =41a i .- --- W by ms= inlesulerc t vbn. ,-Ow =.=
:s rsose so~scs a pnCS S~TM-y. In Via. f m a ~ am 1 m

9 mbr v=Nti~s a- ts *ezr-aIR so it. ith b- dcci*d,4 r - maae -t &O- at bent so iri
ascension t e seirodery aabr. Quwcn z upcfe at all to and pi ast~

jg or: ice, and the of zero SzeCPS4n Cdioni ias 120E at ' swr- of me f ao
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Scyliafticai -;ar waorname (xr~e) the uramson of rj- scalar Viun:zy 4can be mj-rnswc
-as fi-s

3!x 2&) 3

I o i the I dnlt. (w.w~ arm Zbe aecar -r . i the *wr-*_ vscsfe and
a isthe eang onfficicit enuf EPrat'rri _e. __'for the i v Mesw ter- -S a

fluo of I'-e field wejlatles s evaicte a=- 'T., -l Taze, -!he Su=c i't n Wr
etuauto (fl) are t- Velocity M *te anoer s= r.ck etrr. the * =& itn
awerv dissiWaflc ratef C * te oca nthsay ad the spci ass '-4r-os F. is! -- 16l Mee
tw~b'an visweLzy is g1;.r by eqctava IB0. lifel state w - Wes of preswwr * c-sw- a-d
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Solution Procedare

in ia~ f r ruaet. _iner nature of the difrnileusoa2.25, and relations 6-ma13-2, w a~ en~era VtDroet~e1t deteroine thje fictio. ai c o that described in Ref. %.The methd is bi- =s'as follos.
1) vIet initic a; tiase for the fiel" Variables. etfition 24 is so ved for (u.v~w) in turn. This isdon by discreiin! i qUatio an ouaycniinaslving the resulting bcta-disagonalatrix eqution- It is not neCSsar to Obtain h tact solto twoi 9 ada nioiaerts t-as three Alwteaing direction Wpqlication of! the tridaIznartrix Sigoritta is probablysuffiejeor-. This-a be revealed if necessary, lit solo- - hane s rew,'a2o hestinated dmit a oeur field$ t*sy a m ifitzo th Solutions as- (us. v*.t)

2 eonethat us does nt satisfy equation 25 so %v intr-~ the correction trms tp* * usthat

Equtio S s -ese toellminate a timequation 25. If xb rcsultlng equation, 'rith
usd~stitcte trim equaion 33. Is linearisfld with respct w A a--- itis possible, bySetti.

~r te)is the Cig~cefcetift the =atrA V=-tio to obtain an equation of the foreof xuto Za or. The bcdry codition

(321in
t i cse! a-me Oensure Sfl1  and nilocitv flela a-&wazr

3) Equation 21 Is sole as in ,ao for k aff ic fo taw eddyv Vi;city p; Is!tirlaced using tion . 8
~) The Pskulry M ws t- -acalaed. from iAica the trat, -s a -aced,_ by meu cfeuai

5) The- Whteo for-= s ftactions F_ are solves- fo*am Sesi". a also for elm-t cove-treflcm. rhe r_ are-- acijae toczl With eleflea- comru-an cm wi th the CZrans

6) -The ramn iS -- c-ald as befre, ath an ecla weiv s evalmatesd -tau of

a; nspnPraw 5 es cmn.1 a convergs" slution is5 otaind. crutil i"t-a

At ewch sage in zf -5w~a.oa - es -cf aiai estirTosasoe - .u , # n o tenluon of S, .1 fttCo stage, the Maxden chrge Is =ve mo--f for ais ocormes. Obami-tli tie,% are EL-t9 !!!a m ~- realclaj less frcqmLuisl7 In dTimion, sam or all of -__variables are =-l thse are wtatod.

At this intnd VaW= OF 15 WWs~nOnM it hass Drw ossil se any results trim -etize-ei-m fs ~ rta simcc it is at yet at a suft ::ez'. advances stage ofdei-cmt. sawr, th imcori± ofet Of Axi-mz. 11010 are preset-ed below
lib first of ~em es. cbses- to enale to b Am~ -ii r .reviosly pzblisbvesmolS 3I6 rngresenn a smal 1% n ac an o -ter amn- nods mixes~ with a coaxial iraiBotohises~ i sar wet s -rs a th saei the .isuch that ulitlc al -eiohm is evwto- within zelem~th cs ms O., efr caflse of the SLor time- Zovt( ~ -- a-enme cairelacion is essent a.-- an Slr- e n-uigdtis ofthe9a-ss * .eM and To Manr ly treated as chemical-tngcotaDetaiis of the t ass - 'nw in Table 2. 'atze Tai vaus of61 ubu~ oroctmats- Tfe WEi r'-uat are by Fis - in r.g. 3 the eeatra' lraMe~~ cI; - z. w. 1rsoe is P16oted ninst m distac at co~p ~e5 with
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The second examle is aaln a hiolly supersonic flow, but of a more representative scale and with a
realistic primary flow composition. The outer flow is assumed to be an undiffused Mach 4 airstrea.
Details of the input Conditions are given in Table 4: turbulence model constants are again as listed in
Table 3. Two calculations were made with this flow gemetry, with and without chemical reaction, to
illustrate the effect of Combustion of the flow. The reaction mechanism used for the reacting case is
shown in Table 5, values of the rate coefficients being taken from Ref. 7 (thermodynamic dat in all cases
Considered here were derived from-the JAIAF Thermochemical Tles, Ref. 8.). Trx results of these caicu-
latias-are shom-at isometric diagrams of pressure (Figs 5 and 8 for the reacting and inert flows
respectively)-and temperature (Figs 6 and 9). The shock pattern apparent in the pressure diagrams is
illustrated schematliatli In plan form in Fig. 7. Comparison of the teqerature fields. with a l0 wit hou
reactioni shows that ilition of the flow in this case occurs downstream of the Intersection of the outer
shock after reflection from the duct wall.

CONCLUDlNG MARKS

Considerable progress has ben made towards the capability to calculate ducted rocket flows, as the
illustrative exles testify. lowever, this success is as yet limited to flows with axial syntry,

which do --t undergo choking, and., moreover, has not been achieved without difficulty. Early stages in
the investigation were marked by problems of stability of the calculation procedure, associated particu-
larly with the prediction of pressure. These difficulties have not been entirely eradicated and further
investigatiorn will be necessary. Flows which undergo choking, either physically or because of thermal
effects, present a special problem for the axisy=metric flow program. The marching in-grat;on tecknique
is ntrinsically unsuited to the analysis of such flows, in i.9ch conditions at a downstream station
control the uistrea flow, unless so fore of iterative adjustmi of, e.g., the initial mass flow can be
carried out (as is done for example in nozzle flow calculations. se Ref. 5). This aspect of the problem
will require further work.

As far as the three-dimensional analysis is concerned, a major factor likeiy to inflixece the effect-
iveness of such a treatment applied to the secondary coustion chas-er flow is the coutational effortI required. Since the treatment is rot only over a three-dimensional field but also iterative by nature (to
account for flaw recirculation for examle) not only will ti required computer stor ge be large, the many
grid points involved also ioply a larger numer of individual co putations per iteration. resulting in a
provides physically realistic answers- future Work will need Concentrate on Couting efficiency while

maintaining physical realism if this approach is to be practically useful.

Fin-ally, both the axisymatric and the three-dimensional treatmnts are theoretica. with limited
input of data from real devices. if this type of approach Is to he of practical use in either a design
or assesmet context it will nead to be carefully tested and proven against suitably designed exieriment$
before its reliability can be as-md.

I
i I Jam-en. D.E., Spalding. 0.8-., Tatchell OI.G., lnd illan, A.S.. 'Umputatlon+ of structures of flam es

2 Latider.S-E., a pldng. D.8., "Mathematical models of turbulence", Academic Press, London and

Intext looks. odon, 1970

4 Gibson. M._ iad Spalding, L3, "Application of the k- model of turbulence to -indary layers
wihstrenhmise pressure gradients, large temperature variations and trantspiration cooling",

Im-perlial C.ollege. London , A-c-h==ic.al Eng'lring Deatm-ent Rept~ EHT/rtN/A/32 (1971)

5 ;if A-S.. "A user's guide to cmuter programs for the calculation of conditions in flames aid
* noz-ies". t.mvibllsh--d #1M() Report (172)

6 arkv. A-P., "Nixing of supersonic jets Including the effects of transverse pressure gradient using
difference"mthods", NAS Terlcai Note ill -602 (1971)

7 ,.e .. O.iE.. a Jons.td G.., "Reaction rate coefficients ifor flinm calculations", Comb-ustion andFlom. A. 1-34 (t19a4 i

8 aII nL, ad Prophet, ff. -ds.), "SANAF Thermochem;cal Tables, Znd Edn.", National Burea of
aSt rds (Wishinqton, gnD0. -lS-UlDSW No. 37 (1971)
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TABLE I

Sc-urce term for -three-dimens Ional I-transport equations

u~ 4 (2 + u L v I U
rx 3x r T7 r ax a

2
v~~ 2v +22I v , aa +~) LPa 2i W_r ~ ~~~~~~ ,a L 'r.i alua r x _a

r 'r rFr a x 2

410- T r _r e r2 r r

k 4p

c (c 1 -~ c elk

SIaf 2a + ~i a a- + f a- L) i UI2 .1 V, + w2  + 1 Kiox r'~ r Orj r2a B e j Be ~ j o o i

where P, p P+ - t 2 ( ±.12-(r,) +2.a)

ax r. r r I a J ~ re a

2 2 + ( 2uva )2 awa2

and p 2waw ) -vI + wrBe r
rx r r Be
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TABLE 2

Ineut conditions for example 1

Primary nozzle Air stream
Radius, m 1.0 . 10 ~ 3.76 -3
velocity, ms

1
I 5012 2548

Presue, m
2

5.066 x io5 2.533 x 10~
Temperature, K 1100 10

Chemical species concentrations (mole fraction)

N20.0 0.7856
H2  1.0 0.0

C2  0.0 3.27 x 10-
H20 0.0 6.95 x 10-3
02 .00.2071

TABLE 3

Turbulence model constants

C0  0.09 1.0
C1  1.62 am 1.0

C2  1.92 ak 1.0

cc 1.3

TABLE 4

Input conditions for example 2

Primry n zzleAir stream

Radius. m 0.01 0.0376
Velocity, ms

1
I 2500 1400

Pressure. Nm
2  

5.066 x io5 1.013 x 105

Temperature, K 1500 300
Chemical species concentrations (mole fraction)

20.1083 0.7856
"2  0.1904 0.0
CO -44385 0.0

CO2  0.0893 3.27 x 10-4
H20 0.1734 6.95 x i-

02 1.322 x 10-9 . 0.2071
H1.013 x 10 0.

ON 1.014 x 10~ 0.0
064710 x i1 0.0
HO2  1.000 x 10 ~ 0.

-- 7
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ChemiuaL reaction che=

Recto FOrward rate coefficieuta

2 3 x1071 exp(900ir)-

H + H+ M OR + 3x101 T--

OH + MH0H2 1~i 2  
7~

CO0+C0
1 1 7 -10~ exp(-2200/T)

O+ H2- H0+ H 1.9 x1-5T.OH 11 i~o10-1 T
1 3 exp(-182%/T)

~ 3~16o14 Tep(-4480/T)

2- OH + 0 2.4 x10-10 exp(-8250/T)
CO + OR - CO2  11H 2.8 'c jOeV 1.

3 
ep30

OH 4t OR 11H20 +0 1 i01 aXp(-550/-)
CO +O0 - OD 4 122

2 O 2 + . x1 p(-24000/T)

H + 0 + M- F0 + M2 x10 32 
eX(50/T)

H+H2 -OH + OH 4 x ICO~ exp(-950/T)
H1+1102 - H2+0 4 x101 exp(-35o/T,

H2+H2 11 02O H 10-12112+HO~ 110+ O 1 o12exp(-94OO/-)

O +102 - C2 + OH 2.5 x 10710 CXP(-ugao0;T)
0 + HG. - ()H + 02 01 x(5oT

OH+H 2 O+ 1  10i711 (501

(a) rate coeficinta it clecue-ml-s..aind Unite

Jh

C*Pyr:9tVotrler HMSO. London, 1981 IZ-.
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Fig. S Isometric diagrams of example case pressure field
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C-SUsTOt SODELLISG S .IES FOR hAJEJETS

_P. gy. A.F. Scblader and J. -Users
Departmcet of Mechanica- Engineering

Universite Lava!
1uebec, CANADA, CII 7M

nmcr

Using premtied propane-air within a baffle-stabilised, ceramic-lined combustor.
detailed measurements were made of the gas compositIon at several stations downstream of
the recirculation some. The test rig was operated at atmospheric c-nditions over a range
of equivalence ratios fros * ; 0.70 to 1.82. The test results were then analysed and a
simple three-equation model was developed to describe the comp-a -Itio and te

z
perature

profiles.

Further tests tere then made to verify the model, sone of which were wish sta InJe-
fion. The coda was fond to be satisfactory for sit condtions examined.

XOIwECLAMCU

A Collision frequency- factor T~o)/ Teperature

fC 3 se. fCO2- I Distance from primary baffle to
LeO, f.. fluflr fractions any point downstreama
LK.0 a Partial order of reaction

c Partial order of reaction

3Activation energy callg Maol * Eqiaecrto

n Order of reaction

PPressure at=

niversa a consant Refers to reaction rate -SdfC3H1NdT

for use with 2 Refers tO reaction rate dfCO/d-
FIRT I 0.082106 a-- L/til K) 3 efers to reaction rate dfR2O/dv%

1. Mr- A0ID'S

In Its broadest sense a ram-Ject combustor way be ikened to an uncooled version of o

gas turbine primary son operating at a s -what higher vaeocIty Thus Is vould see- pos
tbie that a- suitable hydrocarbon combustion model developed for the one. would be appli-
cable to the other.

This present work descrlber. sch a model. In order to mi
r
iise mixing effects, a

premixed. prevaporlsed grpane-air syscen was used and the analysis was restricted to points
downstream of the comator recirculation sone. To m-nimise heat losses, the entire co-
buetor was ceramic linsd and the recirculacion tone was defined bW the space between a
primry baffle (801 blockage) and a deastream secondary baffle (20-- blockage).

The use of a baffled recirculation zone and the absence of both film coolies and dilu-

tion air resenbles, In general., the characte; of a ram-Jet. On the other bZud, the system
might be sald ro be representative of at Isolated pri--ry zone of a gas-turblne combusotr.

Because of its pr*-msxed nature It may not be unreasonable to presume that the system

"a reaction rate controlled - a fact to a large degree substantiated b; the uniform Ity of
gas analysis noted in the subsequent experlets. Both temperature a=d species measuremns
Mere derived from gas analyses carried out at a series of planes downstrean from the combus-

tor. These values were tb-- used to derive the siple combustion model which was later

substantiated by a idt-tioal t-ests. both with and without. atea= injection.

2 7-ST RIC A52 iNssIMxg TI~Ow

Vhe test rig is very similar to that described In detail in 1ftl1 ad 21. A sche"tIc
is given in Fig. I. Separately metered air and fuel are premised upstrean of the Inlet
baffle to the co-buator The !uel injector was a simple cylindrical distributor. 0.75 aIpitrea of the conbustor baffle. fitted with injection holes normal to the air stream--
(32 holes of 1.3 am diameter). At all conditions great care was taken to ensure that the

f -propatne was InJected in the gaseous phase thereby obviating the need for any evaporation

time.

To ascertain the degree of pre-wix, carbon dioxide (selected because of its denasity
similarit7 to propane) has Injected into the air stream and the mixture strength was deter-
gined by sam4Int at nmerous poits (30) at the combustor tnlet - the plane of the pri-t

ry bffle - Teje esfa Indicated that no single value differed from more thn-2.71fo
the =an value. This was considered Satisfactory.

a ubr Iz in are listed In the table of Refereces. -

..... - -i [=:r
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1

TEST RIG

cooling water baffle

sampling ports te"peu
T c i f was a st nhermocoupes ve(y ur

fue , 
a.30 .8.-.70

=:+.: .-" + ength = (el

section "A-A*" FG

The combustor Itself was al 90* sector of an annular chamber (hydraulic dlm - 0,127 a)

being totally lined with ceramic and having a recirculation zone sahtlied with both a pri-
mary and secondary baffle. Downstream of the recirculation zone was another refractory-
lined sector contalining the sampling ports which were situated at distances of 129 am,
163 m, 214 me, 262 == and 379 mm from the primary baffle. Air velocities were select d so
as to give residence times commensurate with those which obtain within ram-Jet and gas-
turbine combustors (i.e. 2-8 ms).

The experiments covered the following range of inlet variables -

T Inlet temperature: amblent (recorded) I # equivalence ratio 0.69? - 1.32

F3 inlet pressure: ambient (recorded) jc 'cold' residence time 18-30 ma

&a air mass flow: 0.18 - 0,30 kg/s jth 'hr' residence time 5,35-8,39 ma

if fuel =ss flow 0.01 - 0,02 kg/s ug 'cold' gas velocities 12,6-21 m/s

The cold residence times were calculated at Inlet conditions based upon the diaeter
and e n velocity within the recirculation zone. Not residence times were based upon the
wean velocities obtained at the Inlet and any of the various planes of =easurement.

Cas analyses were withdrawn from one or o:her of the five planes mentioned above.
Three samplers were used in any one plane and each sampler was fitted with 3 sampling po-rts.
All the samples vwre combined prior to analysis to give a representative mean analysis for
any Riven plane. The occasional independent check substantiated the validity of this tech-
nique. -he samplers were water cooled, (the outlet te perature from the sampler was still
sufficiently high to prevent water condensation, Toutlet = 100*C) and the lne from the sam-
plers was steam-traced up to the entry to the gas analysis apprastus. This latter was a
double instrument, prepared for rapid gas chromatography. Deterlna-ions were made of
C3BH(FID), C02 CO- H 2 , 02 & U2 . As a check on the accuracy of the sample, r- psrlsou was
made of the derived value of equivalence ratio and tLat based on the air and f.el meter i -
The mai-m difference between the two values !or any test was 32 which Is welithIn the
norma!ly accepted value of a5,OZ.

Heat losses from the system were assessed by measurement of the temperature of the
outer metal liner supporting the ceramic. In no case did the heat loss exceed 0.6222. This
was considered to be sufficixntly low so as not to merlt carrection.

SN0, =easurements are not Included. The f y nessurmuents which were made showed them to
Jim substantial agreement ith the empirical predictions of Lipferr 13) and retsch er et

- JA]. E x was deliberately nt considered for the model since (a) the Intenrion was to
keep the 'combustion' as simple as possible and (b) prndictions using the empirical tech-
niques of 131 ant ill appear to be quite satisfactory for NOx determination at the exhaust.

3. DESCRIPTIO# OF THE MODEL L

Ike present trend in modelling hydrocarbon combustion is to use a multi-kinetic scheme
Involviup m.erous reactions. However. such schemes usually assume the the.!_!rst phase of
the cnhbui e-m pio-;ezs is the breakdown of the hydrocarbon into carbon monoade and hydra- - ...

gem, or alt.eratively, to carbon monoxide and water. The first stage (I.e. hydrocarbon
I. +- - briakdown) is assumed in be eitber infinitely fast or- dependent upon an empirical (experie- -_-

tlly) determime rate step assuming a sngle reaction (an Asaumption which is totally at - -

-ari~ae wh -"tory and Jusfied only e =expedience). Raving attained the end of this

___... .__ __ J+++_ +++++
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first stage, a multi-step reaction is assumed for the combustion of the carbon monoxide and,

if necessary, hydrogen. Equations are generally included to enable the formation of NOx to
be calculated. Typical-examples Are given in [5-to 12]. A-poesible exception to the 3j-
assumption of the hydrocarbon bieakdown mechanism is methanewhich could be treated as a

multi-reaction scheme -nvolving the initial breakdown. An alternative to the above complex
modelling ii the saple, -onveaient, one-step reaction mechanism (so-called global reaction)
as portrayed by several workers [13 to 16]. One justifiable objection to this simple ap-
proach is that it'does not enable the-pollutants to be separately assessed (i.e. CO and
VBMO).

The pre .eit model represents a compromise between these two types. The reaction is
represented as 11 three step mechanism using propane as fuel -

CHS + 1,j Oi - 3 CO + 4 H2 (1)

3 CO + 1.5 02  3 CO (2)

4 H2 + 2 02 - 4 H20 (3)

C3O S + 5 0 2 3 CO 2 + 4 120 (1)+(2)+(3)

This mechanism includes a limited oxidation rate of the fuel, since it is active
throughout the flame, and is represented by the following three rate equations:

-dfC 338/dt - A1 (P/RT)nl-l. fC 3 RSnil.l f02 al e-El/RT (4)

dfCO 2 /dr - A 2 (P/RT)
0
2 1 fCO

n 2 -
0(

2+
t) = fO2

a

2 .fH2 
O C

2 e
"
E2/RT (5)

dfH2O/dT - AI../RT)n
-  

fO 2

u  

0 -6 3 /RT (6)

The second equation was proposed by Hottel [17; to describe his results for a stirred
* reactor.

The results from the present seriea of experiments were employed to determine values of
ths various constanti for Eqns. (4) to (6). If the three equations are valid, then at any
plane within the combustur, it should be possible to specify the amounts of C308, C0 2 , CO,H2, 02, H20, and N2.

In order to derive the values of the various paramaters, test results were selected
that had a common equivalence iatio (0) within a narrow margin of fluctuation. Four groups
of these results have been formed on the lean side and three on the rich, with the :ollowing
mean 0 va. uea (Table I). The results ir these groups are mean vlues for a range of tests inwhich 0 varied very slightly (t0,01).

Table I To facilitate the computation of the para-

Hean V us uEprimenta. kesults meters, the gas constituents appearing in the

Which Were Used for Mo three rate equations have been expressed as func-
tions of temperature by a best-fit equation for

a I > 1 each 0 of table 1. The sane method wdsaloue
0,701 10to represent the experimental values of the rates,
0,855 12but adding om more step of calculation. For
0,95 ,exmple, th, 'ate of C02 , i.e. dfCO2 /.r, is ob-
0,914 132 taied by forming the derivative dfCO 2 /dT from

the equation representing C0 2 vs. T, and then
multiplying it 'ith the derivative dT/T obtained

from the equation representing T vs. i. This gives then the following rates:

dfCO,/dT - dfCO2 /dT dT/dr (7)

dfC3H8/dT - df 3 HH/dT dT/dv (8)

dfH 20/dr - dfHZO/dT dTidr (9)

The derivative dT/dT is common to all three of ove equations. Taus the rates,
molar fractions, temperature and pressure in equati ), (5) and (6) were known fiom the
experimental results. The values of the parameters .ese equations were then obtained
by Isolating one parameter on the left side of one o! these equations, and taking for the
remaining parameters on the other side, values given in the -litetature for the first trial
[17 to 20). Theoe are given in TUble 1I. The, the iszleted paraseter with its calculated

value ,'ss shifted to the right aide of the equation and another parameter was transferred to
the left. This cyclic procedure was repeated for all parameters until the rates expressed
by the equations (4), (5) and (6) matched the values derived from the experimental results.

Since the variables (rate, molar fractions, pressure and temperature in equations (4),

(5) and (6) deoeed a wide range of fiae temperarule and 0, it was possible to demonstrate
by the above calculations that the parameters A ard E, are functions of T only whereas the
parameters n,a and e depend upon T and to a somewhat lesser degree upon 0. The hypothesis

of variable orders of reactions and variable activation energy R was put forward and discuss-
• d by Levy and Weinberg [21). This, however, is nor considered in the global reaction
mechanism where a slow rate-determining step is assumed to Jomihate the mechaiism [22]. The
results obta.ined here. rnfirmed this hypothesis, and polynomial functions of T and to alesser degree of 0 have been need to represent the parameters (A, n, a, c. R)i4, equationa

(4), (5) and (6). For the parameters the following expressions were obtained.
N-
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Table II

Data _taken from Literaturc and Used to Asses the Values of
the Parameters Used In the-Solution of Euns. (4). (5) & (6)_

Soure A(L~al~nl/s Parameter Values

Hottel at il '171 V ' 02 2,9 x 1010 1,75 -15,000

avra al ['191 f'C,115  5,4 x 1013 2,0 -21,000

1Kretschmer aal[201 f'38 Vaeta ''riable as Weak 20 Variable as functionIfunction of Rih 2j of 0

Lean aide: 0 is 1

A, - exp [9,80282 + 0,0177138 T 2,46812 x 10-5 T2 + 1,46127 x 10-8 T
3 
-2,82414 10- 1 T4]

Ei-2,29232 x 14- 43,8464 T + 0,0263129 T2

nja2,49825 -0,210153 0 - 6,07512 x 10-4

0- 0,431636 + 4,38222 x 10-5 T

A2 - alp [12,82 - 6,4667 X 10-4 T + 2,2667 x 10-6 T2]

E- 1,38x1~- 10,59 T + 9,2262 X 10-3 T2
n- 0,7962 +0,05558 0 + 5,374 X 0 73,4 110 2

02 - -0,2387 + 09157 0 - 4,415 X 10-4 T + 1,858 X 10-7 T2

c2 --0,4133 - t44789 0 + 2,004 x 10-3 T - 7,813 X 10-7 72

A3 a exp[-14,7894 + 6,11699 x 10-2 T - 5,20148 x 10-STZ + 2,40499 x 10-8T3 -4,259o3 x 101 T~
4

1

E3 -1.62708 x 104 - 21,8015 T + 1,34966 x 10-2 T2 + 2,22496 x 10-7 T3

n3--0,120686 + 0,0413256 0 + 1,79418 X 10-3 T - 4,00207 - 10-7 -2

a3 -1,24458 - 0,0475454 0 - 1,0372 a 10-3 T + 3,67014 . 10-7 T2

Rich Side: 8 > I

A,1  alp t23,2993 - 0P208873 T + 1,51196 x10-5T2 - 2,29646x10- T 31

E- 5,321 x 104 - 99,2928 T + 0,0772317 T2 - 1,64845 x 10-5 T3

n- 0,262345 + 0,686424-0 + 9,67385 x 10-4 r - 2,83092 X 10-4 0 T

0 -6,26856 + 3,21021 0 + 9.52742 x 10-3 T - 4,80779 -30 .0691b
2

0

- 2,08734 x 10-6 72 + 6,72829 X 10-7 02 T2

A2 - exp [24,615 - 040139356 T + 1,01772 x 10-5 T2 - 1.49559 x1i0-9 T3i

E2 1,43248 x 104 - 14,9636 T +r 142349 T
2 

+ 9,57874 x 10-7 T3

nz 1,8463 - 0,464621 0 + 0,327879 02 - 0,00561141 T + 1,34725 x 10-7 72 + 4,86453 x 10-4 0 T

-6,16,189 a 10-8 02 T2

al 7,904 - 14,8385 0 + 7,56984 02 +0,0047155 T 6,03403 x1-7 T2 00460

+ 7,07F45 x 10-7 a2 2 10 T-0,0743,

e2 --.34,5125 + 45,7687 0 - 13,449 02 + 00210546 T 3,36879 x 10-6 T2.-0,0179327 T

+ 2,3543 x 10-6 02 72

A3  e ap (37,9777 - 0,)494814 T + 3,47914 x 10-5 T2- 7,04779 x 10-9 T
3
1

E3 5,05266 x 10'1 - 91,892 T + 0,071018 72 - 1,48654 x 10-5 T3

(P,435549 + 0,405397 0 + 4,12306 x 10-4 T + 1,96293 X 10-4"

3,74 - 7,74854 ft - 3,69989 X 10-3 T + 5,2833 x 10-3 0 T + 1,85779 02

5,5344 x i0 7 - 8,77687 X 10-022

-By analysing the foregoing expressions obtained for the parameters, one sees -that two
-~-era of equations are required to cover the range of reaction conditions investigated
(Table 1), -one set for the-lean aide, i.e. 0 i5 1-and one set for the rich side, i. e. 4
0 ' . This has also been reported by-other workers [20].
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The parameters (A, n, a, el E) have the following numerical values for tne given
values of 0 and T. 3

Table III

Variation of the parameters with k and T

_d .__ 1.0 60 00

1X 1200 19000 2000 1200 1600 80 82 04 90

02 1.43 1.6 1,76 1,44 1,61 1,77 1,.3 19119
a2  ,23 0,26 0,52 0,1.55054 03 0,44 0.63
£2 0,48 04 009 0,39 0,31 -00t05503 02

Aj 4,45406 43,1x0
5
6 2,05x10

10 
13.xlO

t  
43,17x10'

8 
,05x1

1  
14,62,106 l7,96xIO12.13xl0O

E2 929 16850 28430 929 16850 2840 ± 5 241 19
n2 1,49 1,85 1,96 1,46 1,61 1,87 1.31 1,57 1,83

a12 0,49 0,49 0,60 0,41 0,48 0.59 0,58 0,84 0,87

SAlus 13ivx10 i,1xn 0 Tabl10e IllxIO seen'9 to5 1 be9610 withinO th2ag.o9hs3fudbyohrxokr 179

The splecton ofre nuie rommnal results , and TbeIIc nom theprleiolansatontfo thit

I phenomenon can be given at this time. In fact, all the values of the parameters were de-
rived from best-fit equations, and must be Considered more as working tools rather than

beinE necessarily representative of the rcel phenomnna. However, the strong influence ofI temperature In these parameters has certainly a fundamental explanation which may be close
to that given by Levy and Weinberg 1211. They postulated that global meehanias are vali
only at temperatures close to the maximum heat release ra:.s and above. At lover tempera
tures it i3 almost ce:-tain that updicals assume an impor~a~t ro'~a. The values noted for
the experimentally det~rmined parameters probably reflect this latter Influence.

To determine the composition and temperasure profiles with the proposed model, a numer-
ical (simultaneous) Integration of Eqns. (4, 5 & 6) is required. ThIs integration was
rather complex and the convergence problems were dealt with by the law of propagation of
errors 1231. For most experinents, the observed temperatures were over 1000 K and for this
reason no attempt was made to develop the model bilow this temperature. Therefore, it was
assumed that between the inlet and the position marking 1000 K (as predicted by the model)
the temperature rise would be linear. The final step of the integration procedure was dnter-
mined by the position at which the C02 concentration corresponded to the theoretical.
adiabatic, dissociated flame temperature. This latter value was computed using the data
given in (24).

Altogether 10 steps of integration were used to cover the raage of C02 obtained fora
particular condition. The program for the integration of the rate equations consisted of
calculating the residence ti.0, the distance, the flame temperature by entpalpy balance, and
the composition (CO2. 01 2  02, N', H20, Ar, C3HB) for a given in.~rease of C02 UP to itsmsx~mum value. The rat equationis gave the values of 002, H20 and C3Hs_; the re:.aining Com-
pone be Ing defn by mass balance.

4. EXPERIMENTAL POIBTS AND DERIVED PARAMETERS

The data reported here are representative and Illustratr- typical results obtained from
a such larger amount of work [2]. A single expariment consisted of operating the rig at a
given condition long enough fox gas samples to be obtained from each of the five planes
downstream of Lhc recirculation zone. For each such experiment,, fuel and air-maa flows
were determined, as also inlet temperatures and pressures, humidity, external wall tempera-
tures, static and total pressures.

To establish the correlaticn parameters, 17 experiments were nade. These are tabulated
below (Table IV). In addition-ta these teats, a further 18 experisents wera performe' at _

various cdtsn. A major objective of the thesis 121, from ivhich this wori% is c ---ad,
was to Investigate the affects of steam Injection upon premixed combustion. Many, but not
all, of these later [181 experiments concerned steam addition, and the model' was used to
make predictions, at_

Pigure 2 gVes-an example of avweak mixture test (expt. No. I)which was used to estab-
Al lish the' pasadteis- of-Table :111. the scatter of the model prediction lines is duec to the

IL
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averaging of values taken from all the axoerittenta Ron. 1-17. ?Igurc 3111 unZraes the
34raUlli ror a rich mixture (expt. No. 15). The remaining data exhibited similar scatter.

Table IV

Conditions of Experiments Used for Obtaining Calibration Parameters*

6a a t 3 T
3 

.m :M3

Exp. No. 0 kg/s kg/s k~a K IExp. 110. 0 kg/s . kg/a kPa K
1. 0.697 0,218 9,73x10'3 103 312 1r 10 0.967 0,2741 1,76xl10' 1F03 298

2 0,705 0,284 1.28z10-2 103 31 11 0,979 0,269 1 67X10O-2 102 311

3 0,839 0,293 1.71~i3- 313 12 j1.016 0,180 1 14xl0-
2 

103 309

4 0,852 0,177 9,68xl0-3 103 311 13 1.102 0.238 1,63xl10
2 I102 306

5 0,852 0,229 1,24xl102 103 305 14 1,077 0,175 1.23:10-2 103 310

6 0,877 0,271 1,51xl102 103 293 15 1,205 0,.181 1 ,39 10-'2 I103 309

7 0,890 0,237 1,36x10.2 102 306 16 1,2161 0:2161 1,70X10-2 103 311

8 0,919 0,292 1,71110-2 1-3 305 17 0 1370178 1,49x10-2 103 310

9 0,934 0,178 1,G6x1102 102 305 1 1 1____
*Full details of these tests are given in [2].
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It will be-seen :trhat (Fig. 7) the component predictions are acceptably good both for
the propane/air and propane/air/steam. The differences between the two tests are also

314 ,predicted quite quantitatively. Because the unburned components are quite small, the
effects are not so obviousifn terms of temperature (Fig. 8). In this latter case the
measured temperatures, although in reasonable agreement with the model predictions, do not
illustrate the differences suggested by the predictions.

These results (plus those of the 15 remaining tests) confirm the validity of the model
within this geometry. The effects of steam on combustion, both from the viewpoint of com-
bustion analysis and model prediction/anaisis will be presented elsewhere. Suffice to say
that :he prediction scatter is very similar to that illustrated here.

6. GENERAL DISCUSSION OF THE MODEL

The present model represents a compromise between the simple one-step 'global' reaction
model and the complex multi-equation kinetic schemes. It predicts all the stable substances
found In hydrocarbon/air mixtures with the exception of NOX . This latter may be estimated

independently by one or more of the empirical methods suggested earlier [3 or 4J or by other
published techniques. The accuracy of prediction within the limits of the experimental
conditions investigated is very satisfactory, both in terms of components and t'mperature.

Because of its relative simplicity, the computing time is small (in comparison with
many kinetic schemes) and it offers potential for combining with a suitable mixing nodal.

There Is a disadvantage in the requirement of a separate series of reaction parameters
for rich and weak mixtures, but this has been found to be necessary for many other correla-
tions, both of the simple and complex types.

Like most other correlation formulaet the validity is always In some doubt due to the
limited experimental data. In particular, it would be nice to test the data at pressures and
inlet temperatures other than atmospheric. Unfortunately this is not possible with the

existing test facilities.

An attractive possibility would be to attempt to apply the model to predict the perform-
ante of a pre-mixed, pre-vaporised gas turbine combustor. Unfortunately, to date, the
published information has been insufficient to enable predictions to be made.

Ram-set combustors also offer attractive possibilities for this type of model since
there is neither fila-cooling or dilution problems. The aemi-prevaporisation/premix of a
ram-jet may make the model directly applicable. In the present work the results have been
presented in terms of a distance function, X. but it may well be more satisfactory to
express the results in terms of residence times.

7. CONCLUSIONS

1. A three-step model has been proposed to describe the combustion with a fully premixed
propane/air system. Some 510 different experimental res6lts were used to define the
model.

2. After the above derivation, the model was used to predict a further 540 experimental

points comprising propane burning in air or air + steam. The predictions are in sensi-
ble ajreement vith' the experimental values even though those conditions having steam
addition are outside the frame of the model calibration.

3. The model is capable of predicting CO, H2O. CO, H 2 , C3 H8 , 02, N2 and Ar.

4. There is potential application for the model both in the field of ram-jets and, the gas
turbine.
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DISCUSSION

R.Monti
I wonder if the ve-ry larpe ariation of the "constants" A,. E. with temperatures up to 3-4 order of magnitude for
A,. does not make your model. questionable.

Asn'xors Reply
I do not think the model is questionable within its constraints. Variations of E. A and n have been noted by various

workecrs other than ourselves. An example is cited in the ter, (Ref.12). I believe that it niejit stemn from
representing arnultitue. f reactionsb yasingle "globar" reaction. The one-equation model (Ref 16) also has a
variable E and a. but this equation has bad a very widespread application to a large number of experimental condi-
tions and types of comnbustion equipment. Also. I believe that Essenhgh accepts this concept. For this reason. Ida
not think that the model is questionable from this vriewpoint. It is certainly an enmpirieal model with pseudo-
costlants, but that does not necesarily make it unreliable as a tool.

.J.Winter
Whfat do you onticipate will be the effect of inlet temperature and pressure on the ~cntnsdrved for the
model?

Author-s ReplyI I It is difficult to answer this question without the experimental data. However. if I had to make a prognostieetion of
the effects of inlet temperature and pressure. I would utilize the c-orrections sikrgecsted for our ealier one-step
equation. These may be found in References 16 and 20. The- basis for this thlazglst would be the similarities of the

4 form of the present equations Ic the older one. I would again stress that it is only a suggestion and experimental
* confirnation would be requited to give a meas; re of confidence.
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